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ABSTRACT
In this thesis, chemical elimination studies were conducted in order to quantify 
chemical exposure dynamics in leopard frogs (Rana pipiens) and green frogs (Rana 
clamitans) at various life stages. Two classes o f hydrophobic organic chemicals were 
studied: polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons 
(PAHs).
The focus of the first study (Chapter 2) was to determine whether the process of 
metamorphosis increased the chemical activity (fugacity) of PCBs within amphibians. 
Green frog tadpoles were dosed with a PCB mixture and allowed to eliminate the 
chemicals as they underwent metamorphosis. It was observed that the chemical activity 
of some of the highly hydrophobic PCBs within amphibian tissues increased by a factor 
of four. This result indicates that the physical changes that occur during metamorphosis 
increase the potential hazard of highly hydrophobic contaminants to amphibians.
The goal of the second study (Chapter 3) was to quantify elimination kinetics of 
polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) in adult 
leopard frogs (Rana pipiens) and green frogs (Rana clamitans). In green frogs, 
significant PCB elimination rate constants ranged from 0.013 to 0.04 d '1 (t90= 57.8 to
178.2 d). In leopard frogs, significant PCB elimination rate constants ranged from 0.004 
to 0.047 d '1 (t9o= 48.8 to 657.9 d). PAH elimination in leopard frogs was faster than PCB 
elimination in either frog species: significant PAH rate constants ranged from 0.069 to
0.19 d '1 (t9o= 12.2 to 33.5 d). These results show that adult anurans have very low 
elimination rates of PCBs, but that they exhibit a small capacity for metabolic 
biotransformation of PAHs.
In the third study (Chapter 4), PCB elimination rates were used to show that green 
frogs (Rana clamitans) and leopard frogs (Rana pipiens) at all life stages (tadpole, 
metamorph, and adult) are capable of metabolic biotransformation of PCBs. For both 
species and at all life stages studied, PCBs with adjacent unsubstituted meta-para sites 
were eliminated significantly faster than PCBs with adjacent unsubstituted ortho-meta 
sites. It was concluded that green and leopard frogs can metabolize PCBs with specific 
structures. Metabolic activity was greater in metamorphs than in any other life stage.
iii
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CHAPTER 1 -  GENERAL INTRODUCTION
1.1 - General Introduction
In recent years, amphibians have been declining worldwide (Barinaga 1990;
Wake 1991) and environmental contamination has been cited as a contributing factor 
(Russell et al., 1995; Sparling et al., 2001; Davidson et al., 2001; Bridges and Semlitsch,
2000). Very little is known about the dynamics (uptake and elimination) of hydrophobic 
organic chemicals in amphibians. In the present studies, green frogs (Rana clamitans) 
and leopard frogs {Rana pipiens) at various life stages were dosed with PCBs 
(polychlorinated biphenyls) or PAHs (polycyclic aromatic hydrocarbons) in order to 
determine elimination rate constants for these chemicals.
Information derived from studies of chemical elimination can be used in a variety 
of ways. For example, when conducting chemical toxicity assays on organisms, it is 
important to determine the rate at which the chemical is taken up and excreted in order to 
accurately quantify the actual dose of chemical that the organism is exposed to when 
effects are observed. As well, uptake and elimination rate data are essential for 
constructing kinetic models that will predict the movement o f chemicals within 
organisms (e.g. Gobas et al., 1988; Hawker and Connell, 1985; Hickie et al., 1999) and 
through food webs (e.g. Amot and Gobas, 2004; Campfens and Mackay, 1997). In the 
present thesis, chemical elimination data were used in several other ways, as described 
below.
Chapter 2: In order to examine changes in chemical activity (fugacity) over a 
specified period in the life cycle of a species, the concentration of a chemical within an 
organism can be compared with its lipid content over time. In this chapter, green frog 
tadpoles were dosed with PCBs and sampled throughout the metamorphic period in order 
to determine whether changes in chemical activity of PCBs were related to the loss of 
lipids that occurs during metamorphosis.
Chapter 3: When organisms of a particular species are dosed with several 
chemicals having different physical-chemical properties (e.g. a range of hydrophobicity 
values), correlations can be made between the hydrophobicity o f a chemical and its 
elimination rate in that species. If elimination studies are conducted in different species
1
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using the same chemicals, it is possible to observe differences between species in terms 
of their ability to eliminate chemicals with particular physical-chemical properties. This 
information can help to determine the primary pathways by which elimination is 
occurring in different species. In this chapter, adult green frogs and leopard frogs were 
dosed with either PCBs or PAHs and elimination rate constants for each chemical were 
determined. Results for amphibians were compared with data from similar elimination 
experiments using Barnes mussels in order to compare the two species in terms of their 
elimination rates and potential routes of elimination.
Chapter 4: Elimination rate data were used to determine whether amphibians are 
capable of metabolizing chemicals with specific structural properties. In this chapter, 
PCB elimination rates were compared during three life cycle stages (tadpole, metamorph, 
and adult) in order to determine whether amphibians at various developmental stages 
were able to metabolize PCBs with specific structures.
1.2 - Amphibian Declines
In the early 1990s, scientists became aware that amphibian population declines 
were occurring simultaneously around the world (Barinaga, 1990; Wake, 1991). 
Although a single cause for this phenomenon has not yet been determined, scientists 
generally agree that many amphibian species are experiencing severe deterioration 
(Davidson et al., 2001). Many possible hypotheses have been proposed to account for 
amphibian declines observed in various ecosystems around the world. Some examples 
include: chemical pollution (Russell et al., 1995), acidification (Harte and Hoffman,
1989), ultraviolet radiation (Blaustein et al., 1997), pathogenic infections (Carey, 1993), 
and habitat loss (Delis et al., 1996).
Often, the causes of amphibian declines are complex, involving interactions 
among several stressors. In some cases, although the immediate cause o f amphibian 
death or deformity in a particular area may appear to be a “natural” occurrence such as a 
pathogenic outbreak, further study may reveal that chemical pollution has played a role 
by weakening the immune systems of these organisms, leaving them vulnerable to 
infections and parasites. For example, Kiesecker (2002) showed that amphibian tadpoles 
exposed to pesticides were more susceptible to infection by a trematode parasite (which
2
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causes limb deformities in later development). This increased susceptibility to infection 
was attributed to the lower immunocompetency o f the pesticide-exposed tadpoles in this 
study (Kiesecker, 2002). A study by Gilbertson et al. (2003) also showed that exposure 
to pesticides affected immune system functioning in frogs from wild populations.
The sensitivity of amphibians to environmental degradation may be partly due to 
their physiological characteristics: their permeable skin, the dual nature o f their life cycle 
(i.e. living both on land and in water), and their position in the food chain (Barinaga,
1990).
Disruption of ecosystem balance is a likely consequence of amphibian declines, 
since amphibians are key species in both aquatic and terrestrial ecosystems. For 
example, amphibians consume a large number of insects and serve as prey for many 
larger predators (Stebbins and Cohen, 1995). For tertiary consumers in some ecosystems, 
amphibians may constitute a more important food source than birds or small mammals 
(Burton and Likens, 1975).
1.3 - Background and Life History of Leopard and Green Frogs
Leopard frogs (Rana pipiens) and green frogs (Rana clamitans) were used in 
these experiments because they were the most readily available species in the local area.
Adult leopard frogs are mainly terrestrial, but tend to live near small water bodies 
(ponds or marshes) (Stebbins, 1951). They can be found in a wide variety of habitats, 
and have been known to travel significant distances from water (Stebbins, 1951). Eggs 
are laid anytime between February and December, but the main peak occurs from April 
to August (Stebbins, 1951). The eggs hatch into tadpoles after about 10-20 days 
(Stebbins, 1951). The tadpole stage lasts from 60-80 days, meaning that most leopard 
frog tadpoles transform in July or August (Stebbins, 1951).
Adult green frogs are more aquatic than leopard frogs, and tend to be more 
philopatric (i.e. they have smaller ranges and tend to return to a particular pond) 
(Stebbins, 1951). Eggs are laid from late May to early June, and hatch after 3-6 days 
(Stebbins, 1951). Tadpoles grow over the summer, but generally do not metamorphose 
during their first year: they overwinter as tadpoles (Stebbins, 1951). The tadpole stage
3
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generally lasts 370 to 400 days; therefore metamorphosis usually occurs by August of the 
following year (Stebbins, 1951).
Tadpoles o f both species are herbivorous, but they become carnivorous after 
metamorphosis. The diet of adult frogs consists primarily of insects and other arthropods 
(Stebbins, 1951).
1.4 - Chemicals of Interest
1.4.1 -PolychlorinatedBiphenyls (PCBs)
Polychlorinated biphenyls (PCBs) are anthropogenically created organic 
chemicals which were manufactured for industrial purposes between 1929 and 1977 
(NRC, 2001). In 1977, the industrial production of PCBs was banned in most developed 
countries (NRC, 2001).
The structure o f PCBs consists of a biphenyl backbone (i.e. two carbon rings 
joined by carbon-carbon bonds). There are ten locations at which chlorine atoms can 
bind to the biphenyl structure, therefore 209 distinct PCB congeners can be created. 
Because it is difficult to control the binding location of chlorine atoms during the 
manufacturing process, industrial PCBs consist of mixtures of 50-60 congeners. 
Monsanto, the primary American manufacturer of PCBs, called these commercial 
mixtures Aroclors. Each Aroclor has a code number which indicates the percent by 
weight of chlorine in the mixture (e.g. Aroclor 1248 is 48% chlorine by weight).
PCBs have several chemical properties that make them useful for industrial 
purposes: chemical and thermal stability, non-flammability, and low reactivity (NRC,
2001). Some of the industrial uses of PCBs include: hydraulic fluids, insulating/cooling 
fluids in electrical equipment, and lubricants (NRC, 2001). Commercial PCB mixtures 
are ideal for studies of the behaviour of organic contaminants because these mixtures 
contain 60-90 environmentally relevant PCB congeners spanning a large hydrophobicity 
range.
In ecotoxicology, three main criteria are used to determine the hazard o f a 
chemical to organisms. These criteria are: a) persistence, b) bioaccumulation, and c) 
toxicity. PCBs were banned because they possess all three of these properties, as 
discussed below.
4
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a) Persistence in the environment
Compared with many other organic chemicals, PCBs biodegrade slowly in the 
environment (NRC, 2001), and are therefore classified as persistent organic pollutants 
(POPs). Although the manufacture of PCBs was banned over 25 years ago, these 
chemicals are still detected in almost every environmental medium (Tanabe 1988).
b) Bioaccumulation
As a class, PCBs are relatively non-polar molecules, thus their solubility in water 
is low, while their solubility in organic matter (particularly lipids) is high. However, due 
to the differences in number and position of chlorine atoms among the 209 PCB 
congeners, some PCBs are considerably more water-soluble than others.
In order to express the relative solubility of a chemical in lipid compared to water, 
the octanol-water partitioning coefficient (Kow) is used. (Octanol is a relatively non-polar 
substance which is used as a surrogate for lipids). The premise behind Kow is that if  a 
chemical is placed into a system containing both octanol and water and the system is 
allowed to reach equilibrium, the chemical will partition more readily into one of these 
phases, depending on its properties. Kow is calculated according to the following 
equation:
concentration of chemical in octanol
KoW= ------------------ :------- — ------— --------------  ( 1. 1)
concentration oi chemical in water
In general, PCBs with a greater degree of chlorination are much more soluble in 
octanol than they are in water; therefore the Kow values of heavily chlorinated congeners 
tend to be high. Since Kow values vary widely (i.e. over several orders of magnitude), 
they are usually expressed on a log scale.
Log Kow values of PCBs range from 4.09 to 8.18 (Hawker and Connell, 1988), 
meaning that most PCBs are thousands of times more soluble in lipid tissues than in 
water. As a result, PCBs tend to bioaccumulate (i.e. concentrations in organisms are 
higher than environmental concentrations) (Tanabe, 1988).
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c) Toxicity
It has been demonstrated that PCBs have numerous toxic effects, including cancer 
(Cogliano, 1998), immune system depression (Chang et al., 1981), nervous system and 
behavioural impairments (Chen et al., 1994), disruption of thyroid hormones (Collins and 
Capen, 1980), and alterations in sexual function (Crews et al., 1994).
In amphibians, PCBs have been shown to have various detrimental effects on both 
tadpoles and adults. For example, studies by Gutleb et al. (1999, 2000) found that when 
tadpoles were dosed with environmentally realistic body burdens o f PCBs (0.8 pg/g lipid 
weight), rates o f mortality and malformation were increased and time to metamorphic 
transformation was prolonged. Another study found that when tadpoles were exposed to 
water concentrations of 50 pg/L PCB 126, reductions in survival, growth, swimming 
speed, and proportion of organisms reaching metamorphosis were observed, while the 
incidence of edema was increased (Rosenshield et al., 1999). As well, PCBs have been 
shown to affect hormone levels and sexual development in amphibians. For example, 
Glennemeier and Denver (2001) found that tadpoles exposed to PCB 77 had decreased 
corticosterone levels, which can affect development, growth, survival, and eventual 
reproductive success. Qin et al. (2003) observed that PCB exposure in tadpoles caused 
feminization of gonads (i.e. abnormal testes and ovotestes).
The toxic effects of PCBs are exerted via two different modes of action: narcosis 
and active toxicity. Narcotic effects can occur because PCBs accumulate in the lipid 
tissues of organisms. The PCB molecules can interfere with the structure of the lipid 
bilayer surrounding cells, and thereby disrupt the normal functioning of those cells (Van 
Wezel and Opperhuizen, 1995).
Active effects of PCBs can be mediated by the induction o f enzyme systems such 
as the aryl hydrocarbon receptor (AhR) (NRC, 2001). The binding o f a chemical to the 
AhR induces expression of genes coding for various cytochrome P450 monooxygenase 
enzymes (mixed function oxidases or MFOs) which are involved in the metabolism of 
xenobiotic chemicals (Shimizu et al., 2000). AhR induction can cause toxicity via the 
formation of metabolic products that are more toxic than the parent compound (Shimizu 
et al., 2000). The MFO enzyme system will be discussed in more detail in Section 1.5.
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1.4.2 -  Polycyclic Aromatic Hydrocarbons (PAHs)
Polycyclic aromatic hydrocarbons (PAHs) are a class of chemicals consisting of 
two or more fused aromatic rings. PAHs are products of combustion; therefore their 
sources can be either natural (e.g. forest fires, volcanoes) or anthropogenic (e.g. burning 
of fossil fuels) (Neff, 1979). PAHs are ubiquitous in the environment and are often 
prevalent in aquatic sediments (Neff, 1979).
a) Persistence in the environment
PAHs have been classified as persistent organic pollutants (POPs) (Sawada et al., 
2004), although they can be broken down by metabolic processes within living organisms 
(Neff, 1979). As well, under aerobic conditions or in the presence of ultraviolet 
radiation, some PAHs degrade rapidly, however in dark, oxygen-poor environments, 
PAHs can persist for extremely long periods (Suess, 1976).
b) Bioaccumulation
PAHs are hydrophobic: the log Kow values for the PAHs used in the present study 
ranged from 3.37 to 7.0 (Neff and Bums, 1996). PAHs have been shown to 
bioconcentrate in aquatic organisms such as mussels and fish, however mussels were 
found to have greater bioconcentration factors than fish (Baussant et al., 2001). This 
observation is likely due to the greater metabolic abilities of fish (Goksoyr and Forlin, 
1992) compared with molluscs (James, 1989). As well, PAHs have been shown to 
bioaccumulate in terrestrial ecosystems. For example, in a study of biota-sediment 
accumulation factors (BSAFs) for PAHs, it was observed that PAHs bioaccumulated in 
mice, insects, and frogs relative to soil (Brandt et al., 2002).
c) Toxicity
PAHs can cause toxic responses via two different mechanisms: they can either 
interfere with cellular processes by binding reversibly to hydrophobic sites in the cell or 
they can be broken down into metabolites which can bind covalently to DNA and cause 
long-term damage (Neff and Bums, 1979). PAHs can be broken down to more toxic 
products either by photo-oxidation (Arfsten et al., 1996) or by biological metabolism
7
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(Stegeman, 1977). These breakdown products cause chronic toxicity, mainly because 
they act as mutagens, carcinogens, and teratogens (Neff and Bums, 1979). Different 
species vary in terms of their sensitivity to PAH-induced carcinogenesis; mainly due to 
interspecies differences in metabolic biotransformation capability (Neff and Bums,
1979).
Several studies have been conducted on the photoinduced toxicity of a particular 
PAH (fluoranthene) to amphibians. Exposure to ultraviolet light significantly increased 
the toxicity of fluoranthene to amphibian tadpoles, causing increased mortality (Monson 
et al., 1999) as well as altered locomotor behaviour and dermal necrosis (Walker et al., 
1998).
It has been shown that amphibians (newts) can metabolize another PAH 
(benzo[a]pyrene or B[a]P) into several different oxidized products including B[a]P 
quinones, which were found to have clastogenic effects in the newt (i.e. micronuclei were 
formed in the erythrocytes) (Marty et al., 1989).
1.5 -  Metabolic Biotransformation of Organic Compounds
The primary pathway for oxidative metabolism of xenobiotic chemicals is known 
as the mixed function oxidase (MFO) system. MFO systems are present in many types of 
organisms ranging from bacteria to vertebrates; however the diversity o f enzymes and the 
complexity o f regulation are greater in more phylogenetically advanced organisms (Ertl 
and Winston 1998).
The enzymes of the MFO system catalyze phase I metabolism, which involves the 
monooxygenation (e.g. hydroxylation or epoxidation) of the substrate. Phase II involves 
the conjugation of the molecule with another substance to form a polar substance which 
can be more easily excreted (Livingstone, 1998). The enzymes o f the MFO system (i.e. 
the phase I monooxygenase enzymes) are known as the cytochrome P450 (CYP) 
enzymes (Ertl and Winston 1998).
There are many different CYP enzyme families; the two most commonly studied 
groups are CYP1 and CYP2 (Ertl and Winston, 1998). Different CYP enzymes 
preferentially act on (and can be induced by) molecules with specific structures. For 
example, in mammals, PCBs with two vicinal (i.e. adjacent) hydrogen atoms in the meta
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and para positions (Figure 1.1) are usually metabolized by enzymes in the CYP2B 
subfamily, whereas PCBs with vicinal hydrogens in the ortho and meta positions (Figure
1.1) are usually metabolized by enzymes in the CYP1A subfamily (Kannan et al. 1995).
The biological function o f these metabolic enzymes is to convert hydrophobic 
(lipid-soluble) organic chemicals to more water-soluble metabolites for excretion 
(Livingstone, 1998). In some cases, the metabolite is less toxic than the original 
molecule; however, some metabolites are much more toxic than the parent compound 
(Livingstone, 1988). Therefore, species with increased metabolic capabilities are not 
necessarily less susceptible to the toxic effects of xenobiotic chemicals.
m o  o m
P
m o o m
Figure 1.1 Structure of PCBs showing the three different types o f substitution positions 
for chlorine atoms (i.e. o=ortho, m=meta, and p =para).
1.6 - Modelling Chemical Uptake and Elimination using the Kinetic Model
In order to predict the fate and effects of pollutants in ecosystems, it is necessary 
to be able to predict not only the movement of chemicals through various ecosystem 
compartments (air, water, soil, sediment), but to understand the fate of chemicals within 
different organisms. Because rates of uptake, elimination, and metabolism of xenobiotic 
chemicals (such as PCBs and PAHs) vary widely among classes o f organisms (i.e. 
invertebrates, fish, amphibians, birds, mammals), it is important to develop accurate 
chemical dynamics models for as many different ecosystem representatives as possible.
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The most frequently used (and simplest) kinetic model in aquatic toxicology is the 
first-order, one-compartment model (Barron et al., 1990). This model was used in the 
present experiments due to its simplicity and comparability with other studies. In 
addition, a study of the elimination rate of PCB 126 by Huang and Karasov (2000) 
showed that the elimination of this PCB in leopard frogs is apparently first order because 
elimination rate was independent of dosing concentration.
If an aquatic organism is placed into water containing a persistent hydrophobic 
contaminant, the following equation predicts the change in concentration of the chemical 
within the organism:
dCorg
= kwCw + kfoodCfood — kdifjCorg — kegCorg — kgroCorg — krepCorg — kmetCorg (1.2)
d t
where: C org is the concentration of chemical within the organism, 
k w is the uptake rate constant from water,
C w is the concentration of the chemical in water, 
kfood is the uptake rate constant from food,
Cfaod is the concentration of the chemical in food,
kdiff is the elimination rate constant from the organism via diffusion,
k eg is the elimination rate constant from the organism via fecal egestion,
kgro is the elimination rate constant from the organism due to growth,
k rep is the elimination rate constant from the organism due to reproduction, and
k met is the elimination rate constant from the organism due to metabolism.
In the present experiments, however, only chemical elimination was measured,
i.e. the organism was dosed at the start of the experiment and then placed into clean water 
to depurate; therefore chemical uptake was not occurring. For elimination experiments, 
equation (1.2) can be simplified to:
d C o r g (l)  . .
  — — k l L o r g  ( 1.3)
d t
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(Barron et al., 1990), where k,2 represents the total elimination rate constant, i.e. the sum 
of all possible elimination pathways.
Equation (1.3) can be integrated to:
Corg(t) — Corg(l = 0)e (1.4)
or
In Corg(t) — In Corg(t =0) — kit (1.5)
where Corg(t=o) is the concentration of the chemical in the organism at the start of the 
elimination period.
From equation (1.5), the elimination rate constant (ki) can be calculated:
Once k2  is known, the time to 90% steady state (tgo) can be determined:
There are many potential routes by which chemicals can be eliminated from 
organisms (e.g. defecation, excretion to water via gills/skin, volatilization, metabolism, 
etc.), and each o f these processes has a unique elimination constant. However, for the 
purposes of this study, the calculated ^  values represent the sum of all elimination 
pathways (Barron et al., 1990).
1.7 - The Fugacity Concept
When considering the movement of a chemical from one medium to another, it is 
often stated that a chemical moves from a region of high concentration to a region of low 
concentration. However, this rule only holds true if  the two phases have the same
In Corg(t = 0) — In Corg
(1.6)
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thermodynamic capacity to contain the chemical. For example, PCBs are highly 
hydrophobic, meaning that they are more soluble in non-polar phases (e.g. lipid tissues or 
octanol) than in polar phases (e.g. water). Therefore, if  water and octanol with the same 
concentration of PCBs are mixed together, the PCBs will tend move out of the aqueous 
phase (where they are thermodynamically unstable) and move into the octanol phase. 
Ultimately, the concentrations in the two phases will differ, but the thermodynamic 
stability in the phases will be equal.
If the thermodynamic stability of a chemical is lower in one phase than in another, 
it is possible to quantify the tendency for that chemical to move to the phase in which it 
will be more stable. This “escaping tendency” is referred to as chemical fugacity, and is 
measured in units of pressure (Pascals). Fugacity describes the tendency for a chemical 
to leave an environmental phase (e.g. air, water, organisms) and is simply a measure of 
the concentration of a chemical in a phase in relation to the capacity of that phase to 
contain the chemical. Under most environmentally relevant conditions, the chemical 
fugacity (/) in a sample can be determined using the following equation:
/ - §  0 .8 )
where C is the whole-body, wet weight concentration (mol-m'3) o f the chemical in the 
sample, and Z is the fugacity capacity (mol-m'^Pa'1) of the sample to partition the 
chemical (Mackay and Paterson, 1981). For biological samples, Z can be approximated 
from the sample lipid content and physical-chemical properties o f the contaminant such 
that:
X lK ow
Z * — ^ ~  (1-9)
where X i  is the fraction of neutral lipids in the sample, H  is the air-water partition 
coefficient (Pa-m^mol'1) and Kow is the octanol-water partition coefficient (unitless)) 
(Mackay and Paterson, 1981).
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Substituting equation (1.9) into equation (1.8), fugacity can be calculated as 
follows:
Equation (1.10) predicts that if two organisms have the same whole-body 
concentration of a hydrophobic chemical, the chemical will be under greater pressure to 
partition out of the organism with the lower lipid content. When an organism loses lipid, 
its capacity to contain hydrophobic chemicals decreases; therefore chemicals that were 
stored in the lipid phase will tend to partition into the bloodstream where they are more 
likely to come into contact with receptor sites and cause damage to sensitive organs and 
tissues. Therefore, an increase in the fugacity (chemical activity) of a hydrophobic 
chemical indicates a greater hazard posed by that chemical.
1.8 -  Previous Studies of Chemical Elimination and Metabolism in Amphibians
Very few studies have attempted to determine chemical elimination rates in 
amphibians. As well, studies of xenobiotic metabolism in amphibians have often been 
limited to establishing which metabolic enzymes amphibians possess, rather than actually 
attempting to determine the capability of amphibians to metabolize environmentally 
relevant xenobiotics.
One study o f PCB elimination in amphibians was conducted by Huang and 
Karasov (2000); however their analysis was limited to a single congener (PCB 126). The 
elimination rate constant for PCB 126 in adult leopard frogs was found to be 0.00091 d"1, 
which corresponds to a half-life of 763 days (Huang and Karasov, 2000).
In terms of metabolic ability, it has been shown that amphibians have the potential 
to metabolize xenobiotic compounds; for example, Marty et al. (1995) found that the 
newt (Pleurodeles wait!) can break down benzo[a]pyrene into water-soluble products.
Amphibians have been shown to possess mixed function oxidase (MFO) systems, 
however the abundance and activity of these enzymes is generally lower in amphibians 
than in mammals (Schwen and Mannering, 1982a; Schwen and Mannering, 1982b).
Frogs seem to be relatively insensitive to high body burdens of dioxin and PCB 126
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compared with fish and mammals (Huang et al., 1998). The tolerance o f amphibians to 
these chemicals may be associated with their high threshold for induction o f MFO 
enzymes (Huang et al., 1998).
MFO enzymes have been shown to be present (and inducible) in larval stages 
(Ohi et al., 2003). In one study involving newts, metabolic enzyme activity was found to 
be greater in larvae than in adults (Marty and Cravedi, 1993).
Some aspects of the MFO enzyme system appear to be regulated similarly in 
amphibians and other vertebrates (Ohi et al., 2003), whereas other regulation mechanisms 
are quite different from those found in mammals (Schwen and Mannering, 1982b; 
(Schwen and Mannering, 1982c).
1.9 -  Study Objectives
1.9.1 - Overall Objectives
The purpose of this study was to quantify the dynamics of organic contaminants 
(PCBs and PAHs) in the bodies of leopard frogs (Rana pipiens) and green frogs {Rana 
clamitans) at various life stages. When conducting toxicity tests or modelling the fate of 
contaminants in a particular species, it is necessary to understand the changes in chemical 
dynamics (i.e. uptake and elimination rates) that occur throughout the life cycle of the 
organism. The movement of chemicals through a food chain can also be modeled once 
rates of uptake and elimination have been determined for individual species within the 
ecosystem.
The first step in understanding chemical dynamics for a particular species is to 
quantify elimination rates. (This is because uptake rates cannot be directly determined 
without also quantifying elimination rates, since organisms will start to eliminate 
chemicals as soon as uptake begins.) Elimination rate data can be obtained by dosing a 
group of organisms with the chemicals of interest and then placing the organisms in a 
clean environment to depurate. Several organisms can be removed at various time points 
after dosing for tissue analysis to determine the concentration o f each chemical remaining 
in the body of the organism at that time.
Information gathered during chemical elimination experiments can be used in a 
variety of ways. For example, by observing changes in an organism’s chemical body
14
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burden in relation to its lipid content, it is possible to quantify changes in chemical 
activity (fugacity) within the organism over time. As well, comparisons of elimination 
rate constants among different species (or among the different life stages o f a single 
species) can provide information about the most likely routes of elimination (e.g. gill 
elimination, fecal elimination, etc.) Finally, it is possible to group chemicals (e.g. PCBs) 
according to their structural properties in order to determine whether chemicals with 
specific structural properties are eliminated from organisms more rapidly than other 
chemicals (of similar hydrophobicity). If so, this suggests that this species (or life stage) 
is capable of metabolizing chemicals with particular structural characteristics.
1.9.2 - Objectives o f Chapter 2
Chapter 2 of this thesis focused on the change in fugacity (chemical activity) of 
PCBs that occurs in green frogs during metamorphosis. Chemical elimination 
experiments can be used to track changes in chemical activity (fugacity) over time. 
Fugacity describes the concentration of a chemical in a phase in relation to the capacity 
of that phase to contain the chemical. Normally, the concentration of a chemical in a 
dosed organism declines over time when the animal is placed into a clean environment. 
However, amphibians are unique because they undergo metamorphosis, a life cycle stage 
during which organisms lose body mass and lipids as they transform from tadpoles to 
adult frogs. If the rate of lipid loss during metamorphosis is greater than the rate of 
elimination of certain PCBs, it is possible that the concentration of these chemicals will 
increase relative to the organism’s capacity to contain those chemicals, which means that 
the chemical activity of highly hydrophobic chemicals could increase during 
metamorphosis.
The specific hypotheses tested in Chapter 2 are as follows:
2.1) The rate o f lipid loss from green frogs during metamorphosis will be greater 
than the rate o f elimination of certain PCB congeners, meaning that the 
fugacity of these PCBs within the frogs will increase during metamorphosis.
2.2) There will be a positive relationship between PCB hydrophobicity (Kow) and 
the magnitude of the fugacity increase during metamorphosis; i.e. the PCBs 
with the highest Kow values will show the greatest increases in fugacity.
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1.9.3 -  Objectives o f Chapter 3
The aim of Chapter 3 was to determine elimination rate constants for PCBs 
and/or PAHs in adult green and leopard frogs. These values were then compared with 
elimination rate constants for PCBs and PAHs in Barnes mussels from earlier studies. 
These previous studies showed that in mussels, there was an inverse relationship between 
chemical elimination rate and hydrophobicity for both chemicals, and that elimination 
rates for PAHs were greater than for PCBs (of similar hydrophobicity) (Gewurtz et al., 
2002; O ’Rourke et al., 2004). This latter result suggests that mussels (invertebrates) are 
able to metabolize PAHs to a greater extent than PCBs; therefore it is predicted that frogs 
(vertebrates) will also have a greater capability for metabolic biotransformation of PAHs 
than PCBs.
Based on these results, the hypotheses tested in Chapter 3 are as follows:
3.1) There will be an inverse relationship between PCB elimination rate constant 
and hydrophobicity (Kow) in adult green frogs and leopard frogs.
3.2) There will be an inverse relationship between PAH elimination rate constant 
and hydrophobicity in adult leopard frogs.
3.3) PAHs in adult frogs will be eliminated more rapidly than PCBs (of similar 
hydrophobicity).
1.9 .4- Objectives o f Chapter 4
The purpose of Chapter 4 was to determine whether green and leopard frogs were 
capable o f metabolizing certain PCB congeners, and if so, whether metabolic abilities 
changed during different phases of the life cycle. In order to do this, the PCB congeners 
were categorized into four groups based on their structural properties. It has been 
previously established that PCBs with certain structural characteristics are metabolized 
by particular enzyme systems in mammals (Kannan et al., 1995). Studies of lower 
vertebrates and birds have shown that PCBs with adjacent unsubstituted meta-para sites 
are particularly likely to be metabolized (Drouillard et al., 2001; Drouillard and 
Norstrom, 2003; Elskus et al., 1994; Boon et al., 1989). Therefore, it is predicted that 
frogs will also preferentially metabolize PCBs with these structural properties.
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In frogs, elimination rate constants for meta-para unsubstituted PCBs were 
compared with rate constants for ortho-meta unsubstituted PCBs in order to determine 
whether meta-para unsubstituted PCBs were eliminated more rapidly, which would 
suggest that PCBs with this structure were being preferentially metabolized.
This PCB structure-elimination rate comparison was performed on frogs at all 
three life stages (tadpole, metamorph, and adult) to determine whether there were 
differences in the metabolic abilities of frogs throughout the life cycle. Previous studies 
have shown that enzyme systems capable of metabolizing xenobiotics are present even at 
early life stages, and that the enzyme activities may actually be higher in larvae than in 
adults. For example, the constitutive (i.e. non-induced) activity o f benzo[a]pyrene 
(B[u]P) hydroxylase in adult newts was only about 60% that o f the larvae (Marty and 
Cravedi 1993).
The hypotheses tested in Chapter 4 are as follows:
4.1) PCBs with adjacent unsubstituted meta-para sites will be eliminated from 
amphibians faster than PCBs with adjacent unsubstituted ortho-meta sites.
4.2) PCB metabolism will be greatest in tadpoles and will decrease as the 
organisms develop into adult frogs.
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CHAPTER 2 -  DOES METAMORPHOSIS INCREASE THE SUSCEPTIBILITY 
OF FROGS TO CHEMICAL POLLUTION?
2.1 -  Introduction
In the early 1990s, researchers became aware that amphibian populations were 
declining around the world (Barinaga, 1990; Wake, 1991). Several hypotheses have been 
proposed to explain these declines, including global warming, ultraviolet radiation, 
habitat alteration and acidification (Alford and Richards, 1999). Another important 
factor that is often associated with amphibian declines is exposure to toxic chemicals in 
the environment (Russell et al., 1995; Davidson et al., 2001).
Amphibians possess a unique life cycle strategy among vertebrates: they undergo 
metamorphosis, which involves rapid loss of lipids and body mass as they transform from 
tadpoles to adult frogs. To date, there have been no investigations of how metamorphosis 
might increase the exposure of amphibians to contaminants. It is possible that some 
highly hydrophobic contaminants would actually increase in chemical activity as a result 
o f the physical changes (i.e. loss of lipids) that accompany metamorphosis, meaning that 
the hazardous potential of these chemicals would increase as the tadpole transforms.
Commercial PCB mixtures are ideal for studies of the activity of organic 
contaminants because these mixtures contain 60-90 environmentally relevant PCB 
congeners spanning a large Kow (hydrophobicity) range (Hawker and Connell, 1988). 
Because all PCBs are hydrophobic and tend to partition into lipids, the amount of lipid in 
an organism determines that organism’s capacity to contain PCBs (Mackay and Paterson, 
1981). If the lipid content of a PCB-contaminated animal decreases, the animal will have 
a lower capacity to contain PCBs; therefore the chemical activity will increase within the 
body (i.e. the chemicals will be under greater pressure to leave the organism). This 
“escaping tendency” is measured as chemical fugacity, which quantifies the pressure (in 
Pascals) experienced by a chemical to leave a phase (Mackay and Paterson, 1981).
Under most environmentally relevant conditions, the chemical fugacity (J) in a sample is 
linearly related to concentration such that:
/ = §  (2.1)
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where C is the whole-body, wet weight concentration (mol m'3) of the chemical in the 
sample, and Z is the fugacity capacity (mol-m‘3-Pa_1) of the sample to partition the 
chemical (Mackay and Paterson, 1981). For biological samples, Z can be approximated 




where XL is the fraction of neutral lipids in the sample, H  is the air-water partition
-j i
coefficient (Pam  -m ol') and Kow is the octanol-water partition coefficient (unitless)) 
(Mackay and Paterson, 1981).
Substituting equation (2.2) into equation (2.1), fugacity can be calculated as 
follows:
f ° l k  (2 3 )
Equation (2.3) predicts that if  two organisms have the same whole-body 
concentration of a hydrophobic chemical, the chemical will be under greater pressure to 
partition out of the organism with the lower lipid content. When an organism loses lipid, 
its capacity to contain hydrophobic chemicals decreases; therefore chemicals that were 
stored in the lipid phase will tend to partition into the bloodstream and move into other 
tissues (DeFreitas and Norstrom, 1974) where they are more likely to come into contact 
with receptor sites and cause toxicity. Therefore, an increase in the fugacity of a 
hydrophobic chemical indicates a greater hazard posed by that chemical, assuming that 
the number of receptor sites (and their sensitivity) remains constant.
In this study, green frog {Rana clamitans) tadpoles were fed a mixture of PCB 
congeners and placed in clean water to eliminate the chemicals. Using a sequential 
harvesting design, several tadpoles were removed on various sampling dates (before and 
during metamorphosis) to determine the lipid content and PCB concentration in each 
organism. The 43-day experiment was divided into two componenents: the first (Stage 1, 
Day 0-22) was the tadpole phase of the life cycle when tails had not yet been resorbed,
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and the second (Stage 2, Day 22-43) was the metamorphic climax, when tail resorption 
was rapidly occurring. The purpose of the study was to calculate the chemical activity 
(fugacity) of polychlorinated biphenyl (PCB) congeners on several sampling dates before 
and during amphibian metamorphosis to determine whether increases in fugacity o f PCBs 
were observed as the animals underwent transformation.
If the fugacity o f a given PCB congener is observed to increase during 
metamorphosis, this indicates that the rate of loss of tissue capacity (i.e. lipid) is greater 
than the rate o f elimination of the PCB. Conversely, if  PCB fugacity decreases during 
metamorphosis, this shows that the rate of PCB elimination is greater than the rate of loss 
of tissue capacity.
2.2 -  Materials and Methods
Green frog tadpoles were collected in May 2003 from ponds at Leadley 
Environmental Co., a rural aquaculture facility in Essex County, near Windsor Ontario. 
The tadpoles contained low background levels of PCBs (3.0 ± 1 .0  ng/g (mean ± SE) wet 
weight total PCBs). Sixty-two tadpoles were placed in an aquarium (indoors) and fed 
Tetramin flaked fish food spiked with a PCB mixture (a 1:1:1 mixture of Aroclors 
1248:1254:1260) over a dosing period o f 7 days (approximately 2.8 g o f contaminated 
food were placed into the aquarium each day). All procedures were approved by the 
University o f Windsor Animal Care Committee.
Fish food was contaminated by dissolving 2.5 mL of PCB-spiked sunflower oil (8 
mg/mL total PCBs) in 300 mL hexane inside a 500 mL Erlenmeyer flask. Fish flakes (25 
g) were added to the flask and mixed thoroughly. The flask was placed in a fume hood 
under a gentle stream of compressed air to accelerate the evaporation of hexanes. The 
contents of the flask were mixed periodically during the drying process to ensure even 
distribution of contaminants. When the majority of solvent had evaporated (but flakes 
were still moist), the mixture was poured into a hexane-rinsed metal baking tray to 
facilitate final evaporation. When flakes had dried (approximately 48 hours total drying 
time), a 5 g aliquot was removed and divided into three subsamples for chemical analysis. 
The average total PCB concentration in the three subsamples o f dosed food was 232.7 ± 
6.6 pg/g (mean ± SE).
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Control fish flakes were prepared using a similar procedure, but in this case, clean 
sunflower oil was used. In the three subsamples of control food, average total PCB 
concentration was 0.45 ± 0.33 ng/g (mean ± SE). Sixty-six control tadpoles were kept in 
a separate aquarium during the initial dosing week of the study and were fed the clean 
food for a period of 7 days.
After the 7-day dosing period, all tadpoles (control and dosed) were fasted for 48 
hours to ensure that the tadpoles sampled on Day 0 of the experiment did not have PCB- 
contaminated food remaining in their intestinal tracts. Spiked tadpoles were then 
removed from the dosing aquarium and placed into clean water along with control 
tadpoles. Control and dosed tadpoles were kept separate by mesh dividers in the 
aquarium, and all organisms were fed clean fish food during the experiment. When the 
first tadpoles began undergoing metamorphosis, rocks were placed into the aquarium so 
that transformed organisms could climb out of the water, and small crickets were 
provided as a food source. A single sample of crickets (i.e. those fed after 
metamorphosis) had a total PCB concentration of 2.8 ng/g. Average water temperature 
was approximately 18°C. During the experiment, 6 treated tadpoles and 1 control tadpole 
died (and were discarded from the experiment), bringing the total number o f sampled 
organisms to 121 (56 treated and 65 control).
Several tadpoles (at least 5 dosed and 5 controls) were sacrificed on 8 sampling 
dates during the 43-day elimination period. The experiment was divided into two parts: 
during the first 22 days of the experiment (Stage 1; the tadpole stage), the organisms had 
not yet started to transform, whereas during the last 21 days of the experiment (Stage 2; 
the metamorphic stage), transformation was actively occurring (i.e. tails were being 
resorbed and limbs were emerging).
Sampled organisms were analyzed to determine whole-body concentrations of 
PCBs as follows: each organism was ground in a mortar and pestle with 35 g sodium 
sulphate, then wet packed in a glass column with 50 mL dichloromethane (DCM):hexane 
(1:1 v/v). Columns were spiked with 100 pL of a mixture of 3 labelled PCBs ([13C]PCB 
37, [13C]PCB 52, and [13C]PCB 153 at 200 ng/mL) for recovery correction. Another 250 
mL of 1:1 DCM:hexane was added and the column was left to stand for 1 hr before being 
eluted. Extracts were evaporated under reduced pressure and 10% of each sample was
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removed for gravimetric lipid determination (Drouillard et al., 2004). Cleanup was 
performed by adding the remaining extract to a glass column containing 6 g of florisil 
and eluting with 50 mL of hexane (Lazar et al., 1992). Extracts were evaporated under 
reduced pressure and transferred to vials (final volume 1 mL in 2,2,4-trimethylpentane).
A method blank and a column containing reference tissue (fish homogenate from the 
Detroit River) were run with each set of 6 samples.
PCB analysis was performed using a Hewlett-Packard 5890 gas chromatograph 
with 5973 mass selective detector (GC-MSD) and 7673 autosampler. The column was a 
60 m x 0.250-mm x 0.25 pm DB-5 column (Chromatographic Specialties, Brockville,
ON, Canada). Injection port temperature was 250°C, injection volume was 2 pL 
(splitless), and the carrier gas was He, with a flow rate of 1 mL/min. The oven was 
programmed to start at 90°C and remain at this temperature for 3 minutes, then increase 
at 7°C/min to 150°C, then increase at 3°C/min to 280°C and remain at this temperature 
for 5.10 minutes (for a total run time of 60 minutes).
The MSD was run in SIM mode for the molecular ion of PCBs. PCBs were 
identified by retention time and molecular ion and quantified by comparing the response 
to the equivalent peaks in a well-characterized secondary standard. Detection limit for 
PCBs was 0.05 ng/g. Recovery of spiking standard (based on [13C]PCB 153) was 91.4 ± 
17.0 % (mean ± SD). Concentration values for each PCB congener were recovery- and 
control-corrected.
2.3 - Results and Discussion
Table 2.1 shows the average sum PCB concentrations in control and PCB-dosed 
organisms on each sampling date throughout the 43-day experiment. PCB concentrations 
in control organisms increased up to Day 27, which was due to recycling of PCBs 
eliminated to water by the dosed organisms. However, PCB concentrations in control 
animals were low at all times compared with concentrations in dosed animals.
In order to observe the changes in chemical activity that occurred during the 
study, the fugacity of each PCB on each sampling date was calculated using equation 
(2.3). Because we were only interested in the relative change in fugacity o f a PCB over 
the course of the experiment (i.e. absolute fugacity values were not important), we plotted
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the fugacity o f a given PCB on each sampling date relative to the fugacity o f that 
particular PCB on Day 22 (i.e. the sampling date separating Stage 1 (the tadpole stage) 
from Stage 2 (the metamorphic stage)). Two representative PCB congeners were chosen 
to illustrate the changes in fugacity: PCB 209, the most hydrophobic PCB with a log Kow 
value of 8.18, and PCB 52, a less hydrophobic PCB with a log Kow of 5.84 (log Kow 
values from Hawker and Connell, 1988).
During Stage 1 (the tadpole stage), lipid levels in the tadpoles remained stable 
(Figure 2.1). Therefore, the fugacity o f PCBs in the tadpoles decreased because the 
chemicals were being eliminated to the surrounding water (Figure 2.2). During 
metamorphosis, however, the tadpole intestinal tract is reassembled, the tail is resorbed, 
and the organism stops feeding and relies on lipids stored in the tail as an energy source 
(Gutleb et al., 2000). As a result, during the metamorphic phase o f the experiment (Stage 
2), we observed that lipid levels in the organisms declined (Figure 2.1). Therefore, the 
chemical activity o f the more hydrophobic PCBs increased such that the fugacity o f those 
PCBs in the organisms after metamorphosis actually exceeded the initial (post-dosing) 
chemical fugacity (e.g. PCB 209, Figure 2.2A).
For the less hydrophobic congeners such as PCB 52 (Figure 2.2B), elimination 
rates were faster than the rate of lipid loss, therefore the fugacity of these chemicals 
continued to decline throughout the metamorphic period. It should be noted, however, 
that the rate of decline in chemical fugacity of these less hydrophobic PCBs during Stage 
2 was considerably slower than observed during Stage 1.
In order to establish a general relationship between PCB fugacity change during 
metamorphosis (Stage 2) and PCB hydrophobicity, we first calculated the relative change 
in fugacity (Af) for each PCB congener during the metamorphic period (Day 22-43) as 
shown:
The A/(Day 22,Day 43) for PCB 209 was approximately 4.3 (i.e. the fugacity of PCB 
209 was 4.3 times higher after metamorphosis than before), whereas for PCB 52, the
A f  (D ay22, Day 43) = (2.4)
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A/(Day 22,Day 43) was 0.35. We plotted the A/(Day 22,Day 43) values for all PCBs against their 
corresponding hydrophobicity (log Kow) values. Figure 2.3 shows that the highly 
hydrophobic (slowly eliminated) PCBs tended to show greater fugacity increases during 
metamorphosis than the less hydrophobic (rapidly eliminated) PCBs.
The following equation describes the relationship between the relative change in 
fugacity of a PCB during the metamorphic period and its log Kow value:
A/= 1.5363(log J^ow) - 8.5215 (2.5)
(R2 = 0.5305, PO.OOl)
Therefore, the log Kow value at which there is no relative change in fugacity 
during metamorphosis (i.e. where A/= 1) can be determined (from equation (2.5)) to be 
6.2. This means that if  a PCB has a log Kow value greater than 6.2, its fugacity is 
predicted to increase in Rana clamitans tadpoles undergoing metamorphosis. An 
increase in chemical activity increases the risk o f both narcotic (passive) and active 
toxicological stress in amphibians. When contaminated tadpoles reach metamorphosis, 
the rapid utilization of lipids may result in a peak in chemical activity for highly 
hydrophobic compounds. Metamorphosis is already a very vulnerable period in the 
amphibian life cycle, involving many physiological, biochemical, and hormonal changes, 
and thus represents a critical exposure period (Murphy et al., 2000). Therefore, an 
increased risk o f active and passive toxicity due to increased chemical activity would be 
particularly hazardous during this sensitive life stage.
There are several different classes of chemicals that have high hydrophobicity 
values (i.e. log Kow values > 6.2), and would therefore be likely to show increases in 
chemical activity in amphibians during metamorphosis. Some examples include p,p  
DDT, PCBs, PBDEs (polybrominated diphenyl ethers), dioxins and forans. For most of 
these chemicals, toxicity studies have not been carried out on metamorphosing 
amphibians. However, for those hydrophobic organic chemicals that have been studied 
during metamorphosis, there is evidence that their toxic effects are greater during 
metamorphosis than during the tadpole stage. For example, it was observed that
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amphibians exposed to p .p ’-DDT as tadpoles showed dramatic increases in mortality at 
metamorphosis (Cooke, 1970). This increase in mortality was likely due to the 
mobilization of DDT that was previously stored in the lipid tissues.
Similarly, it has been found that the toxic effects o f PCBs in amphibians occur 
predominantly during the period of tail resorption (Rosenshield et al., 1999). Leopard 
frog (Rana pipiens) tadpoles exposed to PCB 126, for example, did not show negative 
effects prior to metamorphosis; however edema (in some cases, severe edema) occurred 
during the 4-6 day period when the tail was being resorbed (Rosenshield et al., 1999). 
Again, this sudden increase in adverse effects could be partially explained by the 
mobilization of PCB 126 as lipids were used up during metamorphosis. (Log Kow of PCB 
126 is 6.89 (Hawker and Connell, 1988).)
In addition, a study involving PCB-dosed bird eggs showed that the fugacity 
(lipid-corrected concentration) of PCBs increased as lipids were used up during 
embryonic development (Drouillard et al., 2003). The study also determined that 
maximum fugacities were reached at the hatching stage, and that lipid-corrected 
concentrations at this stage were 1.4 to 3.3-fold higher than concentrations in fresh eggs. 
Mortality in avian embryos exposed to hydrophobic chemicals has also been shown to 
increase during the later stages of embryonic development (Kubiak et al., 1989; Summer 
et al., 1996).
It is also important to note that the (up to fourfold) increases in fugacity observed 
in the present study occurred without any further chemical exposure after the initial 
dosing period. In wild populations, however, tadpoles would continue to accumulate 
chemicals throughout the larval and metamorphic stages. Therefore, the fugacity 
increases observed during our experiment are conservative estimates of the increases in 
chemical fugacity that could occur in the field.
In addition, it should be recognized that the duration of the tadpole stage varies 
depending on the species. Amphibian species that have a long tadpole life stage may 
achieve steady state with their environment and thus exhibit maximum tissue 
contamination for a given toxicant at the time they commence metamorphosis, whereas 
other species may not realize these exposures if tadpole development proceeds at a rapid 
rate. For example, in some species such as the bird-voiced treefrog (Hyla avivoca), the
31
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
tadpole stage lasts only 24 days (Volpe et al., 1961), whereas in other species such as the 
bullfrog (Rana catesbeiana), tadpoles may not undergo metamorphosis until their third 
summer (Logier, 1952).
Not only are there differences among species in terms o f the length of the tadpole 
stage, but there are also variations in the rate at which metamorphosis actually proceeds 
(i.e. the rate at which body weight and lipids are lost), which will affect the rate of 
increase in chemical activity of contaminants within the body of the organism. For 
example, Cooke (1970) reported that in common frogs {Rana temporaria) undergoing 
metamorphosis, one third of the body weight was lost within only two days. Therefore, 
in those amphibian species that undergo rapid weight loss during metamorphosis, the 
chemical activity of hydrophobic organic contaminants will increase dramatically within 
a short period, increasing the potential hazard to organisms.
Clearly, amphibian toxicity assays must not only take into account the changes in 
chemical activity that occur during metamorphosis, but should also establish realistic 
doses for different species based on the life history strategies of different indicator 
species. Such issues could potentially be addressed by development o f calibrated life­
cycle exposure models for several amphibian species.
The concept of a critical exposure period in the life cycle o f an organism has 
important implications for setting contaminant guidelines that will protect amphibians 
during all life stages. Toxicity tests conducted only on tadpoles or adult frogs may result 
in contaminant guidelines that are set too high to ensure survival during transformation. 
Therefore, we conclude that, particularly in the case of hydrophobic organic chemicals, 
toxicity tests during metamorphosis are essential for protecting amphibian populations.
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Table 2.1 Sum PCB concentration (ng/g wet weight) (mean ± 
SE) measured in control and dosed organisms on each sampling 
date throughout the experiment. (* denotes the first sampling 
date of Stage 2, i.e. the metamorph stage.)
Sampling day Control Dosed
0 3.0 ± 1.0 9138.4 ±536.0
3 38.2 ±6.8 11449.1 ± 1978.6
5 102.7 ± 13.0 10361.2 ±913.5
11 183.7 ±48.5 9118.5 ± 1434.3
22* 442.2 ± 67.6 6722.2 ± 1353.3
27 516.1 ±219.2 8331.1 ± 1292.1
37 335.7 ±88.2 3126.2 ±844.6
43 357.0 ±68.4 5303.9 ±528.5
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Figure 2.1 Mean mass o f lipid (± SE) in green frog tadpoles as they underwent 
metamorphosis during the 43-day elimination period. Stage 1 represents the tadpole 
stage; Stage 2 represents the metamorphic stage (i.e. the period during which the tail was 
being rapidly resorbed).
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Figure 2.2 Mean fugacity (±SE) (relative to fugacity on Day 22) of two PCBs in green 
frogs during the 43-day elimination period: A) PCB 209 (high hydrophobicity; log Kow -  
8.18) and B) PCB 52 (low hydrophobicity; log Kow = 5.84). (Log Kow values from 
Hawker and Connell, 1998.) Stage 1 represents the tadpole stage; Stage 2 represents the 
metamorphic stage. (See equation (2.3) for fugacity calculation.)
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Figure 2.3 Relative change in fugacity of each PCB during the metamorphic stage (i.e. 
A/(Day 22,Day 43)) as a function of PCB hydrophobicity (log Kow). (See equation (2.4) for 
calculation of fugacity change during metamorphosis.) Each point on the graph 
represents an individual PCB congener. Horizontal dotted line indicates no change in 
fugacity. Equation o f trend line describing relationship between fugacity change and log 
Kow during metamorphosis is: A /  = 1.5363(log Kow) - 8.5215 (R2 = 0.5305).
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CHAPTER 3 -  DETERMINATION OF PCB AND PAH ELIMINATION RATES 
IN ADULT GREEN AND LEOPARD FROGS
3.1 -  Introduction
Over the past two decades, scientists have observed alarming declines in 
amphibian populations around the world (Barinaga, 1990; Wake, 1991). Although 
researchers are still uncertain about the reasons for these declines, several hypotheses 
have been proposed, including global warming, ultraviolet radiation, habitat alteration, 
and acidification (Alford and Richards, 1999). Another factor that has been associated 
with amphibian declines is exposure to toxic chemicals (Russell et al., 1995; Davidson et 
al., 2001).
Polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) 
are of global concern because these chemicals cause toxicological stress in both aquatic 
and terrestrial food webs. PAHs have been shown to have adverse effects on biota, 
including cytotoxicity and genotoxicity (Ali et al., 1993). In a study of biota-sediment 
accumulation factors (BSAFs) for PAHs in an area affected by an oil spill, frogs were 
found to have higher PAH BSAFs than other animals such as mice and insects (Brandt et 
al., 2002).
Although PCBs were banned decades ago, these chemicals are still a concern in 
many areas due to their slow degradation rates and demonstrated ability to undergo food 
web biomagnification (Russell et al., 1999; Zaranko et al., 1997). PCBs have been 
shown to have toxic effects on wildlife such as liver damage, reproductive failure and 
developmental effects (Metcalfe and Haffner, 1995).
Biota-sediment accumulation factors (BSAFs) for PCBs and pesticides in adult 
frogs collected in Southern Ontario were found to be as high as 33 ± 16 (SE) for leopard 
frogs and 23 ± 8 for green frogs (Gillan et al., 1998). A study by Huang and Karasov 
(2000) quantified the elimination rate constant of [14C]PCB 126 from leopard frogs and 
determined that the half-life of this chemical was 763 days. These results indicate that 
amphibians readily accumulate hydrophobic contaminants from their environment and 
we predict that the elimination of these chemicals from anurans occurs slowly.
In this study, adult frogs were dosed with either a commercial PCB mixture or a 
mixture containing 16 priority PAHs in order to determine elimination rate constants for
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these chemicals. Commercial PCB mixtures are ideal for determining elimination rates 
because these mixtures contain 60-90 environmentally relevant PCB congeners spanning 
a large Kow (hydrophobicity) range. The 16 chemicals in the PAH mixture also span a 
range of different hydrophobicities, which is important when determining relationships 
between hydrophobicity and elimination rate.
An understanding of chemical elimination rates in amphibians is necessary for 
several reasons. For example, numerous toxicity studies have been conducted in order to 
understand the effects of PCBs and PAHs on amphibians (Glennemeier and Denver,
2001; Qin et al., 2003; Walker et al., 1998). Many of these studies involve placing 
organisms in contaminated water and correlating the observed effects with water 
concentrations. However, without an understanding of the kinetics of chemical 
accumulation and elimination, it is not possible to predict the actual dose (i.e. tissue 
concentration) that the animal is being exposed to at a particular time during this type of 
experiment. Therefore it is important that toxicokinetic studies be conducted prior to 
effects studies in order to establish critical tissue residues in conjunction with 
toxicological endpoints.
In addition, amphibians constitute a large proportion of the biomass in some 
ecosystems (Burton and Likens, 1975), and serve as important food sources for upper 
level consumers such as birds, mink, and fish (Gillan et al., 1998). Therefore, it is 
important to quantify critical toxicokinetic parameters such as elimination rate constants 
to determine how amphibians contribute to food web transfer o f persistent, 
bioaccumulative contaminants to top trophic consumers. Very few elimination studies 
have been conducted on amphibians (Huang and Karasov, 2000), thus the purpose of this 
work is to determine elimination rates of PCBs and PAHs in adult frogs.
3.2 -  Materials and Methods
Three chemical elimination experiments were conducted using green frogs (Rana 
clamitans) or leopard frogs (Rana pipiens) or injected with either a PCB or a PAH 
mixture (Table 3.1). The experiments were similar in design, and a general description of 
the experimental procedures is given below. The specific conditions for each experiment 
(duration of experiment, number of frogs used, dosing concentration, etc.) are
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summarized in Table 3.1. All experimental procedures were approved by the University 
of Windsor Animal Care Committee.
At the start of each experiment, adult frogs were dosed by intraperitoneal 
injection. Treated frogs were injected with sunflower oil containing either PCBs or 
PAHs (Table 3.1), and control frogs were injected with clean sunflower oil. All injection 
volumes were constant per unit frog weight. Frogs were then placed into clean habitats to 
eliminate the chemicals for various lengths of time (see Table 3.1).
Shortly after dosing, and then periodically during each experiment, several 
replicate frogs (both control and dosed) were removed and sacrificed for chemical 
analysis (Table 3.1). Sampled frogs were analyzed to determine whole-body 
concentrations of PCBs or PAHs as follows: each organism was homogenized in a clean, 
hexane-rinsed blender. A subsample of tissue (approximately 1.5 g) was removed and 
ground in a mortar and pestle with 35 g sodium sulphate, then wet packed in a glass 
column with 50 mL dichloromethane (DCM):hexane (1:1 v/v). Columns were spiked 
with 100 pL of a mixture of 3 labelled PCBs ([13C]PCB 37, [13C]PCB 52, and [13C]PCB 
153 at 200 ng/mL) for recovery correction. Another 250 mL of 1:1 DCM:hexane was 
added and the column was left to stand for 1 hr before being eluted. Extracts were 
evaporated under reduced pressure and 10% of each sample was removed for gravimetric 
lipid determination (Drouillard et al., 2004). Cleanup was performed by adding the 
remaining extract to a glass column containing 6 g of florisil and eluting with 50 mL of 
hexane (Lazar et al., 1992). For PAH analysis, the column was also eluted with 50 mL of 
15:85 DCM:hexane. Extracts were evaporated under reduced pressure and transferred to 
vials (final volume 1 mL in 2,2,4-trimethylpentane). A method blank and a column 
containing reference tissue (fish homogenate from the Detroit River) were run with each 
set of 6 samples.
Chemical analysis was performed using a Hewlett-Packard 5890 gas 
chromatograph with 5973 mass selective detector (GC-MSD) and 7673 autosampler. The 
column was a 60 m x 0.250-mm x 0.25 pm DB-5 column (Chromatographic Specialties, 
Brockville, ON, Canada). Injection port temperature was 250°C, injection volume was 2 
pL (splitless), and the carrier gas was He, with a flow rate of 1 mL/min. For PCB 
analysis, the oven was programmed to start at 90°C and remain at this temperature for 3
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minutes, then increase at 7°C/min to 150°C, then increase at 3°C/min to 280°C and 
remain at this temperature for 5.10 minutes (for a total run time of 60 minutes). For PAH 
analysis, the oven was programmed to start at 80°C and remain at this temperature for 1 
minute, then increase at 15°C/min to 200°C, then increase at 3°C/min to 280°C and 
remain at this temperature for 6.33 minutes (for a total run time of 43 minutes).
The MSD was run in SIM mode for molecular ions. Chemicals were identified by 
retention time and molecular ion and quantified by comparing the response to the 
equivalent peaks in a well-characterized secondary standard. Detection limit was 0.05 
ng/g for PCBs and 0.5 ng/g for PAHs.
For all experiments, percent recovery values for spiking standard were based on 
[13C]PCB 153. For the leopard frog PCB study, recovery of spiking standard was 78 ± 8 
% (mean ± SD). For the green frog PCB study, recovery was 77 ± 10 %, and for the 
leopard frog PAH study, recovery was 72 ± 18 %. Results for each individual congener 
were recovery- and control-corrected. In the case of the green frog PCB study, the frogs 
gained weight during the experiment; therefore the PCB concentrations in this 
experiment were also growth-corrected as described below. In the green frog experiment, 
the organisms were individually identified and weighed at the start of the experiment, and 
were also weighed at the time of sacrifice. The growth-corrected concentration of each 
PCB in each frog was calculated using the following equation:
Growth-corrected _  Concentration ofPCB Mass of frog at sacrifice
PCB concentration -  in frog at sacrifice x Initial mass of frog (3 .1 )
For all experiments, elimination rate constants for each individual chemical were 
then determined using a one-compartment, first-order rate constant model (Gewurtz et al., 
2002). This model describes the rate of chemical elimination that occurs when a 
contaminated organism is placed into a clean environment:
dC org
— ± = - k 2 C o r g  (3.2)
at
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which can be integrated to:
hiC org(t) — In Corg(t = o ) — k it  (3.3)
where Corg(t) is the concentration of chemical (ng/g) in the animal at time t (days), Corg(t=o) 
is the concentration of chemical in the animal at the start of the elimination experiment, 
and k2 is the total chemical elimination rate constant in units o f days'1.
Rearranging equation (3.3), the elimination rate constant (k2) can be calculated as:
\n C o r g ( t = 0) -  I n C o r g
ki = ------------   (3.4)
Thus, k2 values were determined by plotting the natural log of the chemical 
concentration in each dosed frog versus sampling date. The slope o f the regression line 
through these points was calculated for each chemical, and the chemical elimination rate 
constant (k2) was determined by taking the absolute value of this slope. ANOVAs were 
used to determine whether each of the k2 values was significant (i.e. whether each 
chemical showed significant elimination during the experiment).
There are several possible elimination routes by which amphibians may eliminate 
hydrophobic organic contaminants, and each o f these pathways has its own elimination 
rate constant. Some of the possible pathways include elimination to water via lungs or 
skin (kw), elimination to air via skin (ka), fecal elimination (kj), and metabolic 
biotransformation (km). The elimination rate constants measured in the present 
experiments are total elimination rates (k2), which simply represent the sum of all the 
elimination pathways. In this paper, we compare PCB and PAH elimination rate 
constants in frogs with elimination rate constants for equivalent compounds in freshwater 
mussels in order to make inferences about the relative importance of various elimination 
pathways.
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3.3 -  Results
3.3.1 — Initial Chemical Concentrations
Average chemical concentrations measured in control and dosed frogs on each 
sampling date from each study are summarized in Table 3.2.
3.3.2 -  Comparison o f PCB elimination rates in green frogs and leopard frogs
Table 3.3 summarizes the elimination rate constants for each PCB in green frogs 
and leopard frogs. Elimination rates were slow, with significant elimination rate 
constants ranging from 0.013 to 0.04 d '1 in green frogs, and from 0.004 to 0.047 d '1 in 
leopard frogs. PCB elimination rate constants for the two species were similar, although 
in leopard frogs, there was a greater ability to detect significant elimination for the more 
slowly eliminated PCBs due to the longer elimination period used in the leopard frog 
experiment.
Figure 3.1 shows that for both frog species, there was an inverse relationship 
between PCB hydrophobicity (Kow) and elimination rate, i.e. the more hydrophobic PCBs 
(those with higher Kow values) were eliminated from the organisms more slowly. The 
slope of the line relating elimination rate and Kow was significantly steeper for leopard 
frogs than for green frogs (ANCOVA, P<0.001), but overall, the two species revealed 
very similar elimination potentials. For a given PCB congener, the maximum difference 
in k2 values between green and leopard frogs was 1.94-fold. The average difference in k2 
values between the two species was 22%.
3.3.3 -Elimination rates for PAHs vs. PCBs in leopard frogs
Elimination rate constant values for PAHs in leopard frogs are provided in Table 
3.4; the values ranged from 0.069-0.19 d '1. Figure 3.1 shows that elimination rates for 
PAHs in leopard frogs were also inversely related to hydrophobicity (Kow), but PAHs 
were eliminated approximately three times faster than PCBs (with similar Kows). The 
slope of the line relating elimination rate and Kow for PAHs was significantly steeper than 
the slope for PCBs (ANCOVA, P 0 .001). Therefore, it was not possible to use an 
ANCOVA to determine whether the difference in elevation between these two lines was 
significant (i.e. whether PAHs were eliminated significantly faster than PCBs). In order
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to determine whether the apparent difference in elimination rates between PCBs and 
PAHs was significant, we used a t-test. To ensure that any differences in elimination rate 
between PAHs and PCBs could not simply be attributed to differences in hydrophobicity 
between the two classes of chemicals, it was necessary to ensure that all o f the chemicals 
used in the t-test fell within a common Kow range. We therefore compared only those 
chemicals with Kow values between 5 (the lower limit of the PCB Kows) and 7 (the upper 
limit of the PAH Kows) (see Figure 3.1), and found that in leopard frogs, PAHs were 
eliminated significantly faster than PCBs (t-test, P<0.001).
Two of the 16 PAHs were omitted from the analysis: naphthalene (NA) was 
found in high concentrations in blanks, therefore accurate concentrations of this PAH in 
samples could not be determined. Benzo[<z]pyrene (B[a]P) was not detected in frog 
tissues even on the first sampling date, so an elimination rate constant could not be 
calculated for this chemical. The dosing mixture was analyzed to ensure that B[a]P had 
not degraded in the vial before it could be injected into the frogs. B[a]P was found to be 
present in the dosing solution at a concentration that was comparable to the levels of the 
other 15 PAHs; therefore we conclude that our inability to detect B[zz]P was not due to a 
dosing error, but rather related to rapid biotransformation of this compound.
3.3.4 -  PCB and PAH elimination rates in leopard frogs  vs. Barnes mussels
For comparative purposes, Figure 3.2 illustrates the relationships between 
elimination rate constants and hydrophobicity determined for PAHs and PCBs in the 
Barnes mussel {Elliptio complanata) (Gewurtz et al., 2002; O’Rourke et al., 2004). For 
both classes of chemicals, elimination rate values for mussels (Figure 3.2) were similar to 
the values obtained for frogs (Figure 3.1). PCB elimination rate constants for both 
species of frogs fell within approximately the same range as PCB elimination rate 
constants for mussels, however the slope of the PCB elimination ratq-K0W relationship 
was steeper in mussels than in either frog species (ANCOVA, PO.OOl). PCB 
elimination rate constants in the two taxa showed considerable overlap for the high Kow 
PCBs, however the lower Kow PCBs appeared to be more rapidly eliminated in mussels 
than in frogs (Figures 3.1 and 3.2).
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3.4 -  Discussion
Comparisons of chemical elimination patterns can be used to infer the most likely 
pathways by which chemicals are being eliminated from organisms. For example,
Figures 3.1 and 3.2 show that for both leopard frogs and mussels, PAHs were more 
rapidly eliminated than PCBs of the same hydrophobicity, thus we conclude that both 
leopard frogs and mussels are able to biotransform PAHs to a greater extent than PCBs.
It is surprising, however, that PAH elimination rates in frogs and mussels were so 
similar. Bivalves generally have such low metabolic activity that they are often used as 
passive samplers to determine bioavailable levels of contaminants (Stegeman and Lech, 
1991). One might expect that PAH elimination rates in frogs would be similar to (or 
greater than) rates in other vertebrates such as fish, since more evolutionarily advanced 
organisms generally have more complex metabolic systems than invertebrates (Hahn, 
2002). However, PAH elimination rates in fish were shown to be approximately an order 
of magnitude higher than in frogs: Baussant et al. (2001) found that in juvenile turbot, 
PAH elimination rate constants ranged from 0.61 to 1.18 d '1, whereas in the present 
study, PAH elimination rate contants in leopard frogs ranged from 0.069-0.19 d '1. In 
vitro studies of metabolism in fish and invertebrates show similar results: hydrocarbon 
metabolism is usually 1-2 orders of magnitude higher in teleost fish liver preparations 
than in invertebrate tissues (Stegeman and Lech, 1991).
Other studies have confirmed that mussels and frogs have PAH biotransformation 
capabilities, but most PAH metabolism studies have focused solely on benzo[n]pyrene. 
For example, Magnusson et al. (2000) injected radiolabelled B[o]P into blue mussels 
(Mytilus edulis) and observed that up to 50% of the activity after 32 days was associated 
with B[a]P metabolites. A study of PAH elimination in the Barnes mussel (Elliptio 
complanata) showed that B[n]P was not detected in mussel tissue on the first sampling 
date, suggesting that this chemical was rapidly biotransformed (Gewurtz et al., 2002). 
Very little information is available regarding PAH biotransformation capabilities in frogs; 
however a study by Marty et al. (1995) showed that newts can rapidly metabolize 
benzo[n]pyrene. In the present study, our inability to detect benzo[a]pyrene in frog 
tissues even on the first sampling date suggests that leopard frogs were also able to 
metabolize B[a]P.
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However, benzo[a]pyrene is not representative of PAHs in general, since this 
chemical is rapidly metabolized even in mussels and frogs, which have low levels of 
metabolic activity. Most studies of PAH metabolism are limited to B[n]P, presumably 
because of the high degree of genotoxicity of this compound. As a result, there is very 
little information about the elimination kinetics of other PAHs in mussels or frogs.
Overall, the PAH elimination patterns in mussels and leopard frogs were similar, 
although there was one high-Kow PAH (indeno[/,2,3-c,J]pyrene) that was much more 
rapidly eliminated in mussels than in leopard frogs (Figures 3.1 and 3.2). (In leopard 
frogs, this PAH was not significantly eliminated; therefore it is not included in Figure 
3.1.) However, the rapid elimination of indeno[/,2,3-c,(i]pyrene from mussels meant that 
the slope of the line relating PAH elimination rate and Kow was shallower for mussels 
than for frogs. For example, in mussels, the slope of the line relating elimination rate and
•y
Kow was -0.021 (R =0.28) (Gewurtz et al., 2002), whereas in leopard frogs, this slope was 
-0.050 (R2=0.85). However, if  indeno [ /, 2,3-c, <7]pyrene were omitted from Figure 3.2, the 
slope for the mussel equation would be -0.048 (R2=0.75), which is virtually identical to 
the slope for the amphibian equation. It is not known why this particular PAH would be 
eliminated more rapidly in mussels than in frogs. One potential explanation for this 
observation is that both mussels and leopard frogs have PAH biotransformation 
capabilities, but perhaps the actual mechanism of metabolism differs between the two 
taxa. It has been shown that the mechanisms of PAH metabolism in molluscs differ from 
those in fish (Stegeman and Lech, 1991); therefore it is also possible that molluscs and 
frogs metabolize PAHs using different mechanisms.
We then compared the patterns of PCB elimination between frogs and mussels in 
order to draw conclusions about the most likely elimination pathways for PCBs in frogs. 
First, we observed that the slope of the elimination rate constant-^*, relationship for 
PCBs in mussels was significantly greater than the slope in either green or leopard frogs 
(ANCOVA, P<0.001). This result likely occurred because gill respiration is the primary 
chemical elimination pathway in mussels (Gobas and Morrison, 2000). Therefore, those 
PCBs with higher Kows (i.e. the more hydrophobic PCBs) would be less likely to diffuse 
across the gills into the surrounding water, resulting in a strong negative Wovv-dependent 
elimination pattern in mussels.
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Adult frogs, by contrast, are air-breathing organisms and lack gills; therefore the 
only possible direct chemical elimination routes from the body to the surrounding water 
are skin elimination or urinary elimination. If either of these elimination pathways 
constituted the primary PCB elimination pathway, we would expect to find a PCB 
elimination pattern in frogs that closely matched the pattern observed in mussels. 
However, we observed that elimination rates were less ATovv-dependent in frogs than in 
mussels, which suggests that PCBs are primarily being eliminated by fecal elimination in 
frogs. Elimination via feces would be less AT0W-dependent than elimination to water 
because the solubility of PCB congeners in water varies greatly, whereas the solubility of 
PCBs in lipids or organic carbon is relatively similar for all congeners (Mackay et al., 
1999). This finding is supported by Drouillard et al. (2003), who reported that fecal 
elimination of persistent PCBs constitutes the major elimination pathway in birds; and by 
Jung and Walker (1997) who detected dioxin in the feces of tadpoles dosed with this 
chemical.
Figure 3.1 also shows that PCB elimination in leopard frogs was slightly (but 
significantly) more AT0M,-dependent than in green frogs. The reason for this difference in 
slopes between the two species is not known, however it is possible that the differences in 
habitat quality (e.g. food availability, temperature) between the two experiments were 
responsible for observed differences in PCB elimination patterns.
In order to create a life-cycle model describing contaminant kinetics in frogs, the 
elimination rate data from the current studies will be combined with results of future 
studies. These should include an adult frog contaminant uptake study to determine the 
relative importance of uptake from food versus water, as well as a fecal analysis study to 
confirm the importance of fecal elimination in adult frogs. In addition, uptake studies 
should be conducted in other life stages (e.g. tadpoles) and combined with tadpole 
elimination rate constants (as determined in Chapter 4 of this thesis). Models describing 
the kinetics of chemicals in frogs can then be combined with similar models for other 
species within an ecosystem in order to track the movement of chemicals through the 
food chain.
In summary, this study confirmed that because of low elimination rates for both 
PCBs and PAHs, adult frogs will likely bioaccumulate persistent chemicals. Measured
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elimination rate constants in frogs were comparable to those observed in the Barnes 
mussel, and this is the first time that vertebrate elimination rates for these two classes of 
chemicals have been directly compared with invertebrate elimination rates. The 
relatively weak relationship between PCB elimination and hydrophobicity in adult frogs 
suggests that chemical elimination is primarily regulated by fecal elimination. As well, 
in both adult leopard frogs and Barnes mussels, PAHs were eliminated more rapidly than 
PCBs of similar hydrophobicity, which suggests that metabolic biotransformation is an 
important route of elimination for PAHs in both species. PAH elimination rates in 
leopard frogs were lower than PAH elimination rates in other vertebrates (fish), but were 
comparable to PAH elimination rates in invertebrates (mussels). Mussels are often used 
as biomonitors for persistent organic chemicals in the environment due to their low 
biotransformation capabilities (Gewurtz et al., 2002; O’Rourke et al., 2004). The results 
of the present study indicate that mussels and amphibians have similar elimination 
kinetics; therefore we conclude that adult amphibians also have the potential to be used as 
biomonitors for persistent organic chemicals.
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Table 3.1 Summary of experimental design and conditions used in each of the three 
elimination studies. (All uncertainty values represent SD.)
Experiment PCB Leopard PCB Green PAHLeopard
Frog species Rana pipiens Rana clamitans Rana pipiens








period (d) 150 70 49
Number of 




Indoors, in aquaria 
containing rocks 
and 15 cm of 
water
Outdoors, in above­
ground pond (30 cm 
water depth) with 
floating cover plants
Outdoors, in above­
ground pond (30 cm 




17.6 ± 3 .4 18.9 ±2 .4
Feeding regime
3-5 crickets once 
per week; 
vitamins twice per 
month
Ad libitum: 
bug light placed over 
pond at night
Ad libitum: 









weight of frogs 34 ± 12.7 g 10 ± 3.6 g 7.3 ± 3.4 g
Dosing mixture
PCB mixture, 








equal ratios of 16 
priority PAHs
Desired post- 
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Table 3.2 Sum PCB or PAH concentration (ng/g) (mean ± SE) 
measured in control and dosed frogs during each experiment. 
(Note that only one control frog was sacrificed on Day 150 of 
the leopard frog PCB experiment.)
Experiment Sampling Day Control Dosed
0 51.9 ±29.7 12391.2 ±547.3
Leopard 60 11.0 ±2.9 8359.2 ± 949.3
PCB 120 22.2 ± 2.9 4624.1 ± 588.3
150 72.1 3707.5 ± 1060.4
Green
PCB
0 11.1 ±3.4 309.1 ±58.4
40 8.7 ±2.7 123.9 ±23.5
70 8.5 ±3.0 75.1 ± 15.0
0 65.4 ±51.7 14866.5 ±3078.7
Leopard 1 4.4 ± 1.8 5592.9 ± 2682.7
PAH 25 4.4 ±2.1 321.8 ±89.2
49 6.5 ±3.1 190.8 ± 106.4
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Table 3.3 Elimination rate constants (k2) (±SE) of PCBs and time to 90% steady state
{too) in green and leopard frogs.
PCB logis a I'OW
Green frog k2 
(d'1) ± SE
















18 5.24 0.037 ± 0.008*** 0.047 + 0.006*** 0.61 0.78 62.4 48.8
17 5.25 0.039 ± 0.007*** 0.043 ± 0.005*** 0.65 0.81 58.7 53.2
16/32 5.32 0.040 ± 0.007*** 0.045 ± 0.006*** 0.66 0.80 57.8 51.7
26 5.66 0.025 ± 0.005*** 0.037 ± 0.005*** 0.60 0.76 92.1 62.4
25 5.67 0.028 ± 0.005*** 0.037 ± 0.005*** 0.65 0.79 81.1 61.6
33/20 5.6 0.038 ± 0.012** 0.044 ± 0.007*** 0.40 0.73 61.2 52.3
22 5.58 0.023 ± 0.011 0.038 ± 0.006*** 0.23 0.73 102.2 61.1
45 5.53 0.025 ± 0.005*** 0.041 ± 0.006*** 0.59 0.73 90.4 56.9
52 5.84 0.024 ± 0.007** 0.032 ± 0.005*** 0.44 0.72 96.9 71.5
49 5.85 0.025 ± 0.008** 0.031 ± 0.005*** 0.40 0.72 93.1 73.6
47/48 5.82 0.022 ± 0.006** 0.032 ± 0.005*** 0.47 0.69 102.4 71.7
44 5.75 0.027 ± 0.008** 0.034 ± 0.005*** 0.43 0.71 85.5 67.9
42 5.76 0.022 ± 0.006** 0.040 ± 0.008*** 0.52 0.63 102.8 57.7
64/41/71 5.92 0.023 ± 0.006** 0.038 ± 0.007*** 0.51 0.67 100.4 61.2
40 5.66 0.019 ± 0.005** 0.037 ± 0.006*** 0.48 0.70 121.8 61.7
74 6.2 0.011 ± 0.005 0.007 ± 0.002** 0.22 0.45 212.2 343.7
70/76 6.2 0.020 ± 0.005** 0.030 ± 0.004*** 0.48 0.74 114.7 77.0
66 6.2 0.017 ± 0.006* 0.016 ± 0.002*** 0.34 0.66 131.8 143.0
56/60 6.11 0.019 ± 0.005** 0.017 + 0.003*** 0.47 0.68 121.6 133.1
95 6.13 0.020 ± 0.006** 0.027 + 0.005*** 0.39 0.67 115.0 84.3
91 6.13 0.022 ± 0.008* 0.025 ± 0.004*** 0.34 0.74 104.7 91.4
92 6.35 0.020 ± 0.007* 0.024 ± 0.004*** 0.35 0.67 117.3 95.1
84 6.04 0.019 ± 0.005** 0.028 ± 0.005*** 0.45 0.67 124.4 81.9
101 6.38 0.020 ± 0.007* 0.023 ± 0.004*** 0.35 0.71 115.1 98.8
99 6.39 0.018 ± 0.009 0.009 + 0.003** 0.21 0.38 127.6 267.7
97 6.29 0.018 ± 0.006** 0.027 ± 0.004*** 0.37 0.72 126.7 86.9
87 6.29 0.019 ± 0.006** 0.021 ± 0.003*** 0.40 0.77 124.5 111.2
85 6.3 0.020 ± 0.006** 0.025 ± 0.003*** 0.42 0.76 116.1 94.0
110 6.48 0.021 ± 0.007* 0.026 ± 0.004*** 0.36 0.69 111.3 88.2
118 6.74 0.009 ± 0.005 0.005 ± 0.002* 0.17 0.34 243.9 479.7
105 6.65 0.016 ± 0.006* 0.011 ± 0.002*** 0.29 0.59 146.9 215.2
136 6.22 0.018 ± 0.006* 0.022 ± 0.004*** 0.36 0.65 130.4 105.6
151 6.64 0.022 ± 0.009* 0.021 ± 0.004*** 0.27 0.64 105.6 109.1
144/133 6.81 0.018 ± 0.006* 0.020 ± 0.004*** 0.34 0.66 128.9 112.9
149 6.67 0.021 ± 0.009* 0.020 ± 0.003*** 0.28 0.66 110.5 118.1
134 6.55 0.017 ± 0.006* 0.022 ± 0.004*** 0.33 0.68 139.0 103.3
146 6.89 0.019 ± 0.010 0.008 ± 0.002*** 0.20 0.51 123.2 299.0
141 6.82 0.019 ± 0.008* 0.018 ± 0.003*** 0.27 0.68 120.0 126.5
137 6.83 0.008 ± 0.004 0.004 ± 0.001** 0.19 0.36 298.6 590.4
130 6.8 0.015 ± 0.008 0.017 ± 0.003*** 0.20 0.67 153.6 134.7
138 6.83 0.014 ± 0.007 0.006 ± 0.002** 0.20 0.47 167.3 365.5
158 7.02 0.016 ± 0.010 0.011 ± 0.002*** 0.16 0.55 144.9 219.3
128 6.74 0.017 ± 0.008 0.013 ± 0.002*** 0.22 0.64 134.8 182.7
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156 7.18 0.006 ± 0.005 0.004 ± 0.001** 0.11 0.49 366.7 639.6
157 7.18 0.001 ± 0.004 0.004 ± 0.001** 0.003 0.45 2587.2 657.9
179 6.73 0.021 ± 0.009* 0.016 ± 0.003*** 0.26 0.58 109.1 145.7
176 6.76 0.016 ± 0.007* 0.015 ± 0.003*** 0.28 0.57 144.5 153.5
178 7.14 0.017 ± 0.007* 0.012 ± 0.003*** 0.28 0.54 137.0 187.2
187/182 7.17 0.022 ± 0.012 0.006 ± 0.002** 0.20 0.45 103.5 390.3
183 7.2 0.017 ± 0.010 0.004 ± 0.001* 0.17 0.29 138.8 622.3
185 7.11 0.013 ± 0.006 0.015 ± 0.003*** 0.21 0.59 178.6 154.5
174 7.11 0.020 ± 0.009* 0.014 ± 0.003*** 0.26 0.59 116.5 159.9
177 7.08 0.018 ± 0.007* 0.013 ± 0.003*** 0.28 0.61 130.0 171.8
171 7.11 0.013 ± 0.008 0.006 ± 0.002** 0.16 0.40 176.0 359.8
172 7.33 0.012 ± 0.006 0.007 ± 0.002** 0.23 0.42 189.8 319.8
180 7.36 0.010 ± 0.006 0.002 ± 0.001 0.13 0.17 232.6 1439.1
170/190 7.31 0.008 ± 0.006 0.001 ± 0.001 0.12 0.14 276.8 1644.7
202 7.24 0.014 ± 0.006* 0.009 ± 0.002*** 0.25 0.52 161.5 247.6
200 7.27 0.011 ± 0.006 0.008 ± 0.002** 0.16 0.43 216.0 295.2
199 7.2 0.013 ± 0.005* 0.011 ± 0.003** 0.32 0.48 178.2 203.8
201 7.62 0.018 ± 0.009 0.005 ± 0.002* 0.21 0.32 129.5 511.7
196/203 7.65 0.010 ± 0.007 0.002 ± 0.001 0.13 0.14 223.6 1535.1
195 7.56 0.014 ± 0.007 0.002 ± 0.001 0.20 0.19 164.9 1354.5
194 7.8 0.007 ± 0.006 0.001 ± 0.001 0.11 0.12 308.2 1771.2
207 7.74 0.002 ± 0.006 0.002 ± 0.001 0.005 0.20 1387.1 1151.3
206 8.09 0.006 ± 0.007 0.001 ± 0.001 0.04 0.09 399.1 1918.8
Note: ***P<0.001 (ANOVA), **P<0.01, *P<0.05, no asterisk indicates that there was 
no significant elimination of this chemical during the experiment. 
a Values from Hawker and Connell (1988). 
b Coefficient of determination for linear regression analysis.
c Time (days) for frogs to achieve 90% steady state with the water, calculated as lnlO/k?.
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Table 3.4 Elimination rate constants (kj) (±SE) of PAHs and time to 90%
steady state (too) in leopard frogs.
PAH logK a rxow







Acenaphthylene (AL) 4.07 0.156 ± 0.021*** 0.73 14.7
Acenaphthene (AE) 3.92 0.176 ± 0.026*** 0.70 13.1
Fluorene (FL) 4.18 0.173 ± 0.030*** 0.63 13.3
Phenanthrene (PHE) 4.57 0.173 ± 0.028*** 0.66 13.3
Anthracene (AN) 4.54 0.188 ± 0.054*** 0.70 12.2
Fluoranthene (FLT) 5.22 0.120 ± 0.020*** 0.65 19.2
Pyrene (PY) 5.18 0.117 ± 0.028*** 0.46 19.6
Benzo[a]anthracene (B[a]A) 5.91 0.100 ± 0.029** 0.37 23.1
Chrysene & Triphenylene (C&T) 5.86 0.095 ± 0.023*** 0.47 24.3
Benzo[b]fluoranthene (B[6]F) 5.80 0.069 ± 0.021** 0.36 33.5
Benzo[/r]fluoranthene (B[k]F) 6.0 0.076 + 0.020** 0.41 30.2
lndeno[f,2,3-c,d]pyrene (IP) 7.0 0.074 + 0.041 0.14 31.3
Dibenzo[a,h]anthracene (D[a,h]A) 6.75 0.060 ± 0.038 0.11 38.1
Benzo[g,h,/]perylene (B\g,h,i\P) 6.50 0.102 ± 0.072 0.23 22.6
Note: ***p<0.001 (ANOVA), **p<0.01, *p<0.05, no asterisk indicates that 
there was no significant elimination of this chemical during the experiment. 
a Values from Neff and Bums (1996). 
b Coefficient of determination for linear regression analysis. 
c Time (days) for frogs to achieve 90% steady state with the water, calculated as
lnlO/fo.
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Figure 3.1 Chemical elimination rate constant (fo) vs. hydrophobicity (log Kow) for 
PAHs (in leopard frogs) and PCBs (in leopard frogs and green frogs). Error bars 
represent ± 1 SE. Only those chemicals with significant elimination rate constants are 
plotted (see Tables 3.3 and 3.4). Slope of trendline for PAHs in leopard frogs was -0.050 
(R2 = 0.85, P<0.001). Slope of trendline for PCBs was -0.019 for leopard frogs (R2 = 
0.82, P<0.001) and -0.009 for green frogs (R2 = 0.60, P<0.001).
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Figure 3.2 Chemical elimination rate constant (fo) vs. hydrophobicity (log Kow) for 
PAHs and PCBs in the Barnes mussel (Elliptio complanata). Error bars represent ± 1 SE. 
Only those chemicals with significant elimination rate constants are plotted. Slope of 
trendline was -0.021 (R2 = 0.28, P=0.34) for PAHs and -0.036 (R2 = 0.86, P 0 .0 0 1 ) for 
PCBs. PAH elimination rate constants from Gewurtz et al. (2002); PCB elimination rate 
constants from O’Rourke et al. (2004).
59
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 4 -  COMPARATIVE STUDY OF PCB METABOLISM IN GREEN 
AND LEOPARD FROGS AT VARIOUS LIFE STAGES
4.1 -  Introduction
Over the past two decades, amphibian populations have been declining worldwide 
(Barinaga, 1990; Wake, 1991). It has been hypothesized that one of the factors 
contributing to these declines is exposure to toxic chemicals in the environment (Russell 
et al., 1995; Davidson et al., 2001).
Polychlorinated biphenyls (PCBs) are persistent organic pollutants that can cause 
toxicological stress in both aquatic and terrestrial food webs. Some o f the effects that 
have been reported in wildlife include liver damage, reproductive failure and 
developmental effects (Metcalfe and Haffner, 1995). PCBs are also ideal model 
compounds for studying the metabolic capacity of organisms because there are 209 
congeners with various structural configurations and hydrophobicities (the Kow range of 
PCBs spans four orders of magnitude). In addition, PCBs have been well studied in a 
wide variety of organisms, which facilitates comparisons of metabolic potential across 
taxa.
The fate o f xenobiotic chemicals within organisms and within food chains 
depends on several factors. The physical-chemical properties o f these compounds play 
an important role, however the ability o f organisms to metabolize chemicals is also a 
critical factor (Ertl and Winston, 1998). When an organism is exposed to an 
environmental contaminant, the efficiency and specificity of its metabolic enzyme system 
can determine whether the compound bioaccumulates, becomes more toxic, or becomes 
detoxified (Ertl and Winston, 1998).
In some organisms, PCBs are metabolized into polar compounds that can be more 
readily excreted; however it has been shown that these metabolites can also have 
toxicological effects. For example, thyroxine (thyroid hormone) normally binds to 
transthyretin (a thyroid transport protein). However, hydroxylated PCBs and thyroid 
hormone have similar affinities for transthyretin, thus these PCB metabolites have the 
potential to interfere with hormone homeostasis (Cheek et al., 1999). The ability of 
amphibians to metabolize organic pollutants is not well understood, and there is also very 
little information about the possible effects of metabolites on amphibian health and
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survival. However, an understanding of chemical elimination and metabolism in 
amphibians is critical when modeling the dynamics and effects of hydrophobic organic 
contaminants in organisms and within food chains.
Xenobiotic chemicals are generally metabolized by an enzyme system referred to 
as the mixed function oxidase (MFO) system. Organisms ranging from bacteria to 
vertebrates possess MFO systems; however the diversity of enzymes and the complexity 
of regulation are greater in more phylogenetically advanced organisms (Ertl and Winston, 
1998).
The enzymes o f the MFO system catalyze phase I metabolism, which is the first 
step in a series of three possible metabolic stages. Phase I metabolism involves the 
monooxygenation (e.g. hydroxylation or epoxidation) of the substrate by the MFO 
system, phase II involves the conjugation of the molecule with another substance such as 
glutathione, and phase III involves reactions by the mercapturic acid pathway to form 
products such as methyl sulfone PCB metabolites (Letcher et al., 1998). The enzymes of 
the MFO system (i.e. the phase I monooxygenase enzymes) are known as the cytochrome 
P450 (CYP) enzymes (Ertl and Winston, 1998).
The most commonly studied cytochrome P450 families are P4501A and P4502B. 
These two families have different substrate specificities and are induced by different 
types of chemicals. In mammals, cytochrome P4501A (CYP1 A) is induced by planar 
molecules such as dioxins, PAHs, and coplanar PCBs, as well as its classic inducer, 3- 
methylcholanthrene (3-MC) (Huang et al., 1998). By contrast, cytochrome P4502B 
(CYP2B) is induced by globular molecules such as DDT and non-coplanar PCBs, as well 
as its classic inducer, phenobarbital (PB) (Huang et al., 1998). Therefore, in general, 
environmental toxicants are generally classified as either 3-MC-type or PB-type inducers.
Amphibians possess all of the components of the MFO system; however the 
abundance of these enzymes (as well as their catalytic activity) is generally lower in 
amphibians than in mammals (Schwen and Mannering, 1982a; Schwen and Mannering, 
1982b). There is evidence that amphibians have the potential to metabolize xenobiotic 
compounds; for example, Marty et al. (1995) found that the newt (Pleurodeles waltl) can 
break down benzo[a]pyrene into water-soluble products. In Chapter 3 of this thesis, it 
was determined that in leopard frogs, PAHs were eliminated about 3 times faster than
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PCBs of similar hydrophobicity, which provides evidence of PAH metabolism (i.e. 3- 
MC-type metabolism) in amphibians.
By contrast, in terms of PCB metabolism, no hydroxylated or methyl sulfone PCB 
metabolites were detected in tissues of wild green frogs or leopard frogs collected from 
several locations in Essex County, Ontario (R.J. Letcher, National Wildlife Research 
Centre, Ottawa, ON, Canada, personal communication). However, these results do not 
necessarily mean that amphibians cannot metabolize PCBs, since the concentrations of 
parent compounds were quite low (total PCB concentrations ranged from 3 to 20 ng/g 
wet weight). There are three possible explanations for these findings: a) metabolites were 
being formed, but the metabolite concentrations were too low to be detected; b) frogs are 
capable of metabolizing PCBs, but in this case, metabolites were not being formed 
because the concentrations of parent contaminants in frog tissues were too low to cause 
induction of the metabolic enzyme systems; or c) frogs are not capable o f metabolizing 
PCBs.
The goal of the present study was to determine whether elimination rate data 
could be used to provide evidence of PCB metabolism in green frogs and leopard frogs, 
and if so, whether metabolic capabilities changed during different life stages. A previous 
study of xenobiotic metabolism in amphibians showed that enzyme activity was higher in 
larvae than in adults: the constitutive (i.e. non-induced) activity of benzo[a]pyrene 
(B[o]P) hydroxylase in adult newts was only about 60% that of the larvae (Marty and 
Cravedi 1993). We therefore hypothesize that PCB metabolism will be greatest in 
tadpoles and will decrease as the organisms develop into adult frogs.
In this study, tadpoles and adult frogs were dosed with a commercial PCB mixture 
and elimination rate constants for each congener were calculated. PCBs were then 
grouped according to their structural properties in order to determine whether observed 
elimination patterns were consistent with biotransformation rules established for PCBs in 
other vertebrates.
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4.2 -  Materials and Methods
4.2.1 -  Overview
Two similar chemical elimination experiments were conducted using different 
frog species: green frogs {Rana clamitans) and leopard frogs (Rana pipiens). In both 
studies, the organisms were orally dosed with a PCB mixture as tadpoles and then 
allowed to undergo metamorphosis. Organisms were sampled on several dates 
throughout the experimental period and analyzed to determine levels o f PCBs remaining 
in tissues after various lengths of time. This information was then used to calculate PCB 
elimination rate constants.
In the green frog study, the tadpoles did not begin to transform until midway 
through the experimental period, which meant that we were able to calculate PCB 
elimination rate constants separately for the two stages of the experiment (i.e. the tadpole 
stage and the metamorph stage). However, in the leopard frog study, the tadpoles began 
to undergo metamorphosis shortly after dosing; therefore it was not possible to calculate 
PCB elimination rate constants for the tadpole stage in this species. Elimination rate 
constants in leopard frogs were calculated only for the metamorph stage.
The specific procedures for each o f the experiments are described in the following 
two sections. All experimental procedures were approved by the University o f Windsor 
Animal Care Committee. See Chapter 3 of this thesis for descriptions of procedures for 
adult green and leopard frog PCB elimination experiments.
4.2.2 -  Green frog experiment: tadpoles and metamorphs
In this experiment, green frog tadpoles were collected in May 2003 from ponds at 
Leadley Environmental Co., a rural aquaculture facility in Essex County, near Windsor 
Ontario. The tadpoles contained low background levels of PCBs (3.0 ± 1 .0  ng/g (mean ± 
SE) wet weight total PCBs). Sixty-two tadpoles were placed in an aquarium (indoors) 
and fed Tetramin flaked fish food spiked with a PCB mixture (a 1:1:1 mixture of 
Aroclors 1248:1254:1260) over a dosing period o f 7 days (approximately 2.8 g of 
contaminated food were placed into the aquarium each day). Fish food was contaminated 
by dissolving 2.5 mL of PCB-spiked sunflower oil (8 mg/mL total PCBs) in 300 mL 
hexane inside a 500 mL Erlenmeyer flask. Fish flakes (25 g) were added to the flask and
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mixed thoroughly. The flask was placed in a fume hood under a gentle stream of 
compressed air to accelerate the evaporation of hexanes. The contents o f the flask were 
mixed periodically during the drying process to ensure even distribution of contaminants. 
When the majority of solvent had evaporated (but flakes were still moist), the mixture 
was poured into a hexane-rinsed metal baking tray to facilitate final evaporation. When 
flakes had dried (approximately 48 hours total drying time), a 5 g aliquot was removed 
and divided into three subsamples for chemical analysis. The average total PCB 
concentration in the three subsamples of dosed food was 232.7 ± 6.6 pg/g (mean ± SE).
Control fish flakes were prepared using a similar procedure, but in this case, clean 
sunflower oil was used. In the three subsamples of control food, average total PCB 
concentration was 0.45 ± 0.33 ng/g (mean ± SE). Sixty-six control tadpoles were kept in 
a separate aquarium during the initial dosing week of the study and were fed the clean 
food for a period of 7 days.
After the 7-day dosing period, all tadpoles (control and dosed) were fasted for 48 
hours to ensure that the tadpoles sampled on Day 0 of the experiment did not have PCB- 
contaminated food remaining in their intestinal tracts. Spiked tadpoles were then 
removed from the dosing aquarium and placed into clean water along with control 
tadpoles. Control and dosed tadpoles were kept separate by mesh dividers in the 
aquarium, and all organisms were fed clean fish food during the experiment. When the 
first tadpoles began undergoing metamorphosis, rocks were placed into the aquarium so 
that transformed organisms could climb out of the water, and small crickets were 
provided as a food source. A single sample of crickets (i.e. those fed after 
metamorphosis) had a total PCB concentration of 2.8 ng/g. Average water temperature 
was approximately 18°C. During the experiment, 6 treated tadpoles and 1 control tadpole 
died (and were discarded from the experiment), bringing the total number o f sampled 
organisms to 121 (56 treated and 65 control).
Several tadpoles (at least 5 dosed and 5 controls) were sacrificed on 8 sampling 
dates during the 43-day elimination period. The experiment was divided into two parts: 
during the first 22 days of the experiment (the tadpole stage), the organisms had not yet 
started to transform, whereas during the last 21 days of the experiment (the metamorphic
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stage), transformation was actively occurring (i.e. tails were being resorbed and limbs 
were emerging).
Each organism was homogenized (whole) using a mortar and pestle, then 
analyzed to determine whole-body PCB concentrations. (Sample analysis procedures are 
described in section 4.2.4.) PCB concentrations were recovery- and control-corrected. 
Elimination rate constants were determined separately for the two stages of the 
experiment (i.e. tadpole and metamorphic stages).
4.2.3 -  Leopard frog experiment: metamorphs
In this experiment, leopard frog tadpoles were collected in June 2003 from the 
same location as described above for green frog tadpoles. Sixty-four tadpoles were 
placed in an aquarium (indoors) and fed Tetramin flaked fish food spiked with a PCB 
mixture over a dosing period of 9 days. (Fish food was contaminated using the same 
method as used in the green frog experiment (see previous section). Sixty-three control 
tadpoles were kept in a separate aquarium during the initial dosing week of the study and 
were fed clean food for a period of 9 days. The average total PCB concentration in the 
three subsamples of dosed food was 278.4 ± 35.0 pg/g (mean ± SE). In the three 
subsamples of control food, average total PCB concentration was 21.9 ± 6.1 ng/g (mean 
± SE).
After the 9-day dosing period, all tadpoles (control and dosed) were fasted for 48 
hours to ensure that the tadpoles sampled on Day 0 of the experiment did not have PCB- 
contaminated food remaining in their intestinal tracts. Tadpoles were then removed from 
the dosing aquaria and placed into clean water. In this experiment, however, tadpoles 
were placed into two large plastic mesh cages (one containing controls, the other 
containing dosed tadpoles). The cages were partially submerged at the edge of the pond 
from which the tadpoles were originally collected. This change was made in an attempt 
to create more realistic experimental conditions in terms of water quality, food source, 
temperature regime, and lighting conditions. Clumps of algae and plant matter were 
placed into the cages to provide food and cover, but tadpoles were not given any food 
other than what was naturally available within the pond. When the tadpoles began 
undergoing metamorphosis, a bug light with a rotating metal whip was placed over the
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cages at night to attract bugs and knock them into the cages as a food source. Because 
the cages were only partially submerged at the edge o f the pond, metamorphosing 
organisms could climb out of the water when necessary. Average water temperature was 
approximately 22°C.
During the experiment, 5 treated tadpoles and 15 control tadpoles either died or 
escaped from the cages, bringing the total number of sampled organisms to 107 (59 
treated and 48 control).
Several tadpoles (at least 5 dosed and 3 controls) were sacrificed on 10 sampling 
dates during the 109-day elimination period. By the third sampling date, many o f the 
organisms had already started to undergo metamorphosis; therefore this experiment could 
not be divided into two stages (i.e. tadpoles and metamorphs). Instead, elimination rate 
constants could only be calculated for metamorphs of this species. Sample analysis 
procedures and elimination rate calculation methods for leopard frogs were the same as 
for green frogs.
4.2.4 -  Sample analysis
Sampled frogs were analyzed to determine whole-body concentrations of PCBs as 
follows: each organism was ground in a mortar and pestle with 35 g sodium sulphate, 
then wet packed in a glass column with 50 mL dichloromethane (DCM):hexane (1:1 v/v). 
Columns were spiked with 100 jiL of a mixture of 3 labelled PCBs ([13C]PCB 37, 
[13C]PCB 52, and [13C]PCB 153 at 200 ng/mL) for recovery correction. Another 250 mL 
of 1:1 DCM:hexane was added and the column was left to stand for 1 hr before being 
eluted. Extracts were evaporated under reduced pressure and 10% of each sample was 
removed for gravimetric lipid determination (Drouillard et al., 2004). Cleanup was 
performed by adding the remaining extract to a glass column containing 6 g of florisil 
and eluting with 50 mL of hexane (Lazar et al., 1992). Extracts were evaporated under 
reduced pressure and transferred to vials (final volume 1 mL in 2,2,4-trimethylpentane). 
A method blank and a column containing reference tissue (fish homogenate from the 
Detroit River) were run with each set of 6 samples.
PCB analysis was performed using a Hewlett-Packard 5890 gas chromatograph 
with 5973 mass selective detector (GC-MSD) and 7673 autosampler. The column was a
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60 m x 0.250-mm x 0.25 pm DB-5 column (Chromatographic Specialties, Brockville,
ON, Canada). Injection port temperature was 250°C, injection volume was 2 pL 
(splitless), and the carrier gas was He, with a flow rate of 1 mL/min. The oven was 
programmed to start at 90°C and remain at this temperature for 3 minutes, then increase 
at 7°C/min to 150°C, then increase at 3°C/min to 280°C and remain at this temperature 
for 5.10 minutes (for a total run time of 60 minutes).
The MSD was run in SIM mode for the molecular ion o f PCBs. PCBs were 
identified by retention time and molecular ion and quantified by comparing the response 
to the equivalent peaks in a well-characterized secondary standard. Detection limit for 
PCBs was 0.05 ng/g.
Recovery of spiking standard (based on [13C]PCB 153) was 91.4 ± 17.0 % (mean 
± SD) for the green frog experiment and 75.5 ± 13.8 % for the leopard frog experiment. 
Concentration values for each PCB congener were recovery- and control-corrected.
The chemical elimination rate constant for each individual PCB was then 
determined using a one-compartment, first-order rate constant model. This model 
describes the rate of chemical elimination that occurs when a contaminated organism is 
placed into a clean environment:
dM org
= - k l M o r g  (4.1)
which can be integrated to:
In Morg(t) -  In Morg(t = o) -  k i t  (4.2)
where M org(t) is the mass of chemical (ng) in the animal at time t ,  M org(t=o) is the mass of 
chemical in the animal at the start of the elimination experiment, and k.2 is the total 
chemical elimination rate constant in units of days'1.
Rearranging equation (4.2), the elimination rate constant {ki) can be calculated as:
^ In M o rg (l  = 0) -  In M o rg  ^
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Thus, k2 values were determined by plotting the natural log o f the mass of PCB in 
each dosed frog versus sampling date. Then, for each PCB, the slope of the regression 
line through the points on this graph was calculated, and the chemical elimination rate 
constant (k2) was determined by taking the absolute value of this slope.
Normally, the concentration of a chemical is used to calculate elimination rate 
constants (e.g. Gewurtz et al., 2002) rather than the mass of the chemical within the 
organism. However, since the organisms lost weight during metamorphosis, it was 
necessary to correct for this loss of body mass in order to determine accurate chemical 
elimination rates. Therefore, instead of using the concentration of each PCB to calculate 
elimination rates, we determined the actual mass of each PCB in each tadpole at the time 
of sacrifice (by multiplying the concentration of each PCB by the mass of the tadpole 
itself). PCB mass was then used to determine PCB elimination rates.
A regression analysis was performed for each PCB congener (against time) using 
ANOVA to determine whether each of the k2 values was significant (i.e. whether each 
chemical showed significant elimination during the experiment).
4.3 -  Results and Discussion
4.3 .1- Elimination rates o f PCBs in amphibians at various life stages
In general, PCB elimination rates were faster in metamorphs than in tadpoles; this 
difference was particularly evident for the less hydrophobic PCBs (i.e. those with lower 
Kow values) (Figure 4.1). Figure 4.1 also shows PCB elimination rate constants in adult 
green frogs (from Chapter 3 of this thesis). Elimination occurred much more slowly in 
adult frogs than in either tadpoles or metamorphs, and even those PCBs with low Kow 
values were eliminated very slowly in adult frogs (Figure 4.1).
Table 4.1 provides the sum PCB concentration on each sampling date for each 
experiment. Table 4.2 shows the elimination rate constant and time to steady state for 
each PCB in each experiment.
4.3.2 -  Distinguishing passive elimination from metabolic biotransformation
We wished to determine whether the relatively high PCB elimination rates 
observed in metamorphs could be attributed to active biotransformation of PCBs, or
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whether metamorphs simply had higher rates of passive elimination than either tadpoles 
or adults. In Chapter 2 of this thesis, it was demonstrated that metamorphosis can 
increase the rate of passive PCB elimination. When tadpoles undergo metamorphosis 
they lose lipid mass, meaning that hydrophobic chemicals (such as PCBs) stored in their 
fat will become more concentrated in the remaining lipid tissues. This increase in 
chemical concentration in fat results in a greater tendency for the chemicals to leave the 
lipid tissues and circulate freely in the bloodstream. This increase in fugacity (i.e. the 
pressure for a chemical to leave a phase) increases the likelihood that the chemical will 
be eliminated from the body of the organism by passive processes such as gill elimination 
to water or fecal elimination. This mechanism explains how passive processes could 
cause PCB elimination rates to be higher during the metamorphic stage than in either the 
tadpole or the adult stage.
However, Figure 4.1 illustrates that the passive elimination hypothesis alone 
cannot explain the elimination pattern observed during metamorphosis. If passive 
processes were solely responsible for the high rates of PCB elimination in metamorphs, 
we would expect to find that elimination rates would be dependent only on 
hydrophobicity (Kow). Instead, it is clear that PCB elimination rates in metamorphs fell 
into two distinct clusters, even within a given hydrophobicity range (e.g. log Kow of 6.5- 
7.5) (Figure 4.1). This pattern indicates that selective metabolic biotransformation of 
PCBs was occurring in metamorphs.
The PCBs were then grouped according to their structural characteristics to test 
for relationships between structure and elimination rate. Kannan et al. (1995) grouped 
the PCBs into four structural categories based on studies of PCB metabolism in mammals 
(see Table 4.3). PCBs with two vicinal (i.e. adjacent) hydrogen atoms in the meta and 
para positions (Figure 4.2) are known as group 2 PCBs and are usually metabolized by 
phenobarbital (PB)-type enzymes (i.e. enzymes in the cytochrome P450 2B subfamily) 
(Kannan et al. 1995). PCBs with vicinal hydrogens in the ortho and meta positions 
(Figure 4.2) are known as group 3 PCBs and are usually metabolized by 3- 
methylcholanthrene (3-MC)-type enzymes (i.e. enzymes in the cytochrome P450 1A 
subfamily) (Kannan et al., 1995). PCBs with both meta-para and ortho-meta vicinal 
hydrogens (group 4 PCBs) are most readily biotransformed, since both types of enzyme
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systems can act on these PCBs. Those PCBs with no vicinal hydrogens (i.e. the more 
heavily chlorinated PCBs) are known as group 1 PCBs and are generally quite resistant to 
metabolism, since neither of the above enzyme systems act on PCBs with this structure.
It is difficult to quantify the relative importance of metabolism and 
hydrophobicity on PCB elimination rates because in some cases, hydrophobicity and 
structure are confounded. For example, group 4 PCBs generally have the fewest chlorine 
atoms, and group 1 PCBs are the most heavily chlorinated. This also means that group 4 
PCBs are least hydrophobic, and group 1 PCBs are very hydrophobic. If metabolic 
enzymes were present in an organism, we would predict that group 4 PCBs would be 
most rapidly metabolized, and group 1 PCBs would be most resistant to metabolism. 
However, even if the organism did not possess these enzymes, we would still expect to 
find that the group 4 PCBs would be most rapidly eliminated and group 1 PCBs would be 
eliminated more slowly, due to passive partitioning alone. Therefore it was not possible 
to test hypotheses about metabolism by comparing elimination rates o f PCBs in groups 1 
and 4. In order to remove the confounding variable o f hydrophobicity, we compared the 
elimination rates of PCB in groups 2 and 3 (since these two groups have different 
structural properties but similar Kow ranges).
4.3.3 -  Evidence for metabolic biotransformation o f PCBs in amphibians at various 
life stages
We analyzed PCB elimination rate data from green frog tadpoles, metamorphs, 
and adults, as well as leopard frog metamorphs and adults (adult data for both species 
were obtained from Chapter 3 of this thesis). Elimination rate constants for leopard frog 
tadpoles were not available (see methods section 4.2.3). For each o f the 5 cases 
mentioned above, the elimination rate constants for the PCBs in groups 2 and 3 were 
plotted separately against log Kow. ANCOVAs were then performed to determine the 
effect of Kow and PCB group (i.e. group 2 vs. 3) on elimination rate constants.
In all 5 of the above cases, group 2 PCBs were eliminated significantly faster than 
group 3 PCBs (Figure 4.3), which suggests that frogs possess metabolic enzymes during 
all three life stages. However, metabolic activity was greater in metamorphs than in any 
other life stage. For example, in green frog metamorphs, the average elimination rate of
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the group 2 PCBs was 4.9 times greater than the average elimination rate o f the group 3 
PCBs (Figures 4.3 and 4.4). By contrast, in green frog tadpoles, group 2 PCBs were 
eliminated 1.9 times faster than group 3 PCBs (Figures 4.3 and 4.4), and in green frog 
adults, group 2 PCBs were eliminated only 1.5 times faster than group 3 PCBs (data from 
Chapter 3 of this thesis; see Figure 4.3). Similar results were found in leopard frogs: in 
metamorphs, group 2 PCBs were eliminated 3.3 times faster than group 3 PCBs (Figures
4.3 and 4.5). However in leopard frog adults, group 2 PCBs were eliminated only 2 times 
faster than group 3 PCBs (data from Chapter 3 of this thesis; see Figure 4.3).
The above results indicate that in these two frog species, PCBs with vicinal 
hydrogens in the meta-para position (i.e. group 2 PCBs) are more readily biotransformed 
than PCBs with vicinal hydrogens in the ortho-meta position (i.e. group 3 PCBs).
4.3.4 -  Exceptions: PCBs that did not conform to the structure-elimination rate pattern
In both leopard frog and green frog metamorphs, it was noted that a few of the 
group 3 PCBs were eliminated more rapidly than expected (i.e. their elimination rates 
were comparable to the rates of the group 2 PCBs) (Figures 4.4 and 4.5). It appeared that 
metamorphs were able to metabolize these PCBs, despite the fact that the structural 
characteristics of these chemicals would suggest resistance to biotransformation. In 
green frog metamorphs, the outliers were PCBs 85 and 130, and in leopard frog 
metamorphs, the outliers were PCBs 85,130 and 171.
It is not clear why PCB 171 would be an outlier in one frog species but not in the 
other: perhaps green frogs and leopard frogs have slightly different metabolic enzyme 
specificities. However, the fact that the other two outliers were common to both frog 
species indicates that the unexpected behaviour o f these PCBs is not simply a result of 
experimental error. The structural properties of these two PCBs were compared with the 
rest of the group 3 PCBs to determine whether these outliers had any specific 
characteristics that might make them susceptible to biotransformation. However, we 
were unable to detect any structural differences between these outliers and the rest of the 
group 3 PCBs; therefore it is difficult to explain the unexpectedly rapid elimination of 
these PCBs.
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4.3.5 -  Comparison o f PCB elimination patterns in amphibians and other taxa
Studies of PCB elimination patterns in other taxa have also found that group 2 
PCBs were eliminated more rapidly than group 3 PCBs. For example, in elimination 
studies of American kestrels and ring doves, it was observed that PCBs with meta-para 
vicinal hydrogens (group 2 PCBs) were eliminated more rapidly than PCBs without this 
structural characteristic (Drouillard et al., 2001; Drouillard and Norstrom, 2003). It has 
also been shown that fish can preferentially metabolize PCBs with adjacent meta-para 
unsubstituted carbon atoms. For example, Elskus et al. (1994) found that PCB congener 
profiles in winter flounder showed depletion of congeners with adjacent unsubstituted 
meta-para sites.
Relative abundance of meta-para unsubstituted PCBs was lower in a range of 
aquatic taxa including worms (ragworm), teleost fish (plaice), mammals (harbour seal), 
and birds (oystercatcher), which suggests that selective PCB metabolism was occurring in 
each of these species (Boon et al., 1989). It is therefore not surprising that amphibians 
showed similar PCB elimination patterns.
4.3.6 -  Cytochrome P450 system in amphibians and other taxa
Classically, the metabolism of PCBs with adjacent unsubstituted meta-para sites 
is known as CYP2B-type metabolism (Kannan et al., 1995), because CYP2B is the 
enzyme that catalyzes this reaction in mammals (the most commonly studied model 
organisms). However, in other taxa, the enzymes responsible for specific metabolic 
activities may not necessarily be the same as in mammals.
The MFO system is regulated differently in amphibian species than in other taxa 
(e.g. mammals). For example, amphibian MFO systems are not induced by classic PB- 
type inducers, while 3-MC-type substances induce a wide range of enzyme activities in 
amphibians (including activities that are not induced by 3-MC-type substances in 
mammals) (Behnia et al., 2000; Burke et al., 1994; Ertl et al., 1999). For example, in 
mammals, 3-MC induces numerous enzyme activities from the CYP1A family, such as 
ethoxyresorufin O-deethylase (EROD) and ethoxycoumarin O-deethylase (ECOD), while 
PB induces the activity of enzymes in the CYP2B family, such as benzyloxyresorufin O-
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dealkylase (BROD) and pentoxyresorufin O-dealkylase (PROD) (Behnia et al., 2000; 
Burke et al., 1994; Ertl et al., 1999).
By contrast, in an amphibian species (the newt, Pleurodeles waltl), 3-MC induced 
the activities o f all four of these enzymes (EROD, ECOD, BROD and PROD), whereas 
PB did not induce any of these enzymes (Marty et al., 1992). Similarly, in leopard frogs 
(Rana pipiens), EROD, MROD (methoxyresorufm Odemethylase, another enzyme 
induced by 3-MC in mammals), BROD and PROD were all induced by PCB 126, a 
coplanar PCB which is a 3-MC-type inducer (Huang et al., 1998), whereas DDT (a PB- 
type inducer) did not affect the activities of hepatic MFO components in another frog 
species, Rana temporaria (Harri, 1980).
Based on the above findings, one might at first question whether amphibians 
possess CYP2B-type enzymes at all: perhaps their CYPlA-type enzymes simply have 
very broad substrate specificities. However, Marty et al. (1992) used immunoblot assays 
to determine that a protein corresponding to rat CYP2B was present in an amphibian 
species (the newt). This finding suggests that although CYP2B enzymes are present in 
amphibians, they appear to be regulated differently than in higher vertebrates.
Amphibians also possess CYP1A enzymes: in a study of leopard frogs by Huang 
et al. (2001), an epitope of CYP1A was detected using a monoclonal antibody. This 
CYP1A equivalent was found to be correlated with induction of EROD activity, which 
indicates that CYP1A is the primary catalyst for EROD in leopard frogs (Huang et al., 
2001).
Another difference between the P450 systems of amphibians and higher 
vertebrates is that the P450 protein contents of uninduced liver microsomes (as well as 
the constitutive activities of P450 enzymes) are lower in amphibians than in mammals 
(Walker and Ronis, 1989). In addition, amphibians are relatively insensitive to enzyme 
induction. Although amphibian enzyme systems can be induced by 3-MC-type 
substances, the threshold for induction in amphibians is much higher than in other taxa. 
For example, Huang et al. (1998) found that induction o f EROD activity in leopard frogs 
required a whole-body PCB 126 concentration of of 775 ng/g, which corresponds to a 
liver concentration of approximately 900 ng/g (Huang and Karasov, 2000; Huang et al., 
2001). By contrast, in chickens, EROD induction occurred at PCB 126 liver
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concentrations o f 1.5 ng/g (Feyk et al., 1999), while juvenile rainbow trout showed 
EROD induction at PCB 126 liver concentrations of only 0.1 ng/g (Brown et al., 2002).
The MFO system in amphibians is much more similar to that o f fish than of 
mammals. For example, P4501A enzymes have been immunochemically detected in 
rainbow trout (Lester et al., 1992). The marine fish scup has been shown to metabolize 
coplanar PCB 77, and it was suggested that this was due to the activity of CYP1A (White 
et al., 1997). As well, in a review of the cytochrome P450 system in fish, Goksoyr and 
Forlin (1992) reported that fish are generally not induced by PB-type substances, 
however structural genes in the CYP2B subfamily have been detected using molecular 
probes.
As in fish and frogs, neither hepatic enzyme abundance nor activity in snakes was 
induced by PB (Schwen and Mannering, 1982c); however hepatic microsomes of fish, 
frogs and snakes did catalyze activities that were typical of the CYP2B enzyme family 
(e.g. aminopyrene /V-demethylase and nitrophenetole O-deethylase) (Schwen and 
Mannering, 1982b), suggesting that the enzymes responsible for this type o f activity in 
lower vertebrates are different than those found in mammals, or that they are regulated 
differently.
By contrast, alligators and birds (both members of the archosauria), show patterns 
of enzyme induction which are similar to mammals, although the rates o f enzyme 
synthesis and activity are lower in these taxa than in mammals (Ertl et al., 1998; Walker 
and Ronis, 1989). For example, in these species, 3-MC causes synthesis of proteins 
homologous to known CYP1A isoforms (and increases the activities o f EROD and 
MROD); while PB induces proteins homologous to CYP2B (and increases the activities 
of PROD and BROD) (Ertl et al., 1998; Walker and Ronis, 1989). These findings 
suggest that the mammalian cytochrome P450 system has its origins in reptilian 
ancestors, and that the split between the MFO systems of lower and higher vertebrates 
likely occurred between snakes (lower reptiles) and alligators (more advanced reptiles).
There is also evidence that lower vertebrates may have multiple CYP2B-like 
enzymes. For example, in some fish species, several cross-reactive proteins were 
observed when blots were incubated with CYP2B-like proteins from other organisms, 
which suggests that there are several different CYP2B proteins in fish (Bainy et al., 1999;
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Stegeman et al., 1997). Thus, it is possible that there are also several different CYP2B 
proteins in amphibians with different mechanisms of regulation than CYP2B enzymes in 
higher vertebrates, which could explain why the MFO systems of lower vertebrates are 
not activated by classic mammalian inducers such as PB.
Studies of MFO regulation in amphibians are rare; however Ohi et al. (2003) 
found that one of the most widely studied MFO regulators is similar (both structurally 
and functionally) in amphibians and other taxa. This regulator is known as the aryl 
hydrocarbon receptor (AhR). The AhR is a transcription factor that is classically induced 
by 3-MC-type substances to promote the expression o f genes coding for CYP1A enzymes 
(Ohi et al., 2003). The regulator of CYP1A (i.e. the AhR) has been identified in the 
African clawed frog (Xenopus laevis), and it was expressed along with a gene coding for 
a CYP1A enzyme (Ohi et al., 2003). It is believed that, as in other taxa, the CYP1A gene 
in Xenopus is regulated by the AhR (Ohi et al., 2003). This suggests that some aspects of 
amphibian MFO regulation (i.e. regulation of CYP1A) are similar to mechanisms 
observed in higher vertebrates. However, it is clear that other aspects of amphibian MFO 
regulation (e.g. regulation of CYP2B) are not yet understood.
4 .3 .7- Potential explanations for different levels o f PCB metabolism at various life
stages
There are several possible explanations for the observation that levels of PCB 
metabolism in frogs were highest during metamorphosis, intermediate in tadpoles, and 
lowest in adults. One possibility is that MFO enzymes are naturally produced at high 
levels during metamorphosis in order to metabolize endogenous compounds such as 
hormones, and perhaps these enzymes are also able to metabolize PCBs. In amphibians, 
the total number of CYP isoforms present and the substrates metabolized by these 
enzymes are not yet known (Ertl and Winston, 1998). The majority of studies of P450 
enzymes have focused on CYP1A and CYP2B; however there are numerous additional 
CYP families and subfamilies. The MFO system not only acts to metabolize xenobiotics, 
but also maintains homeostasis of endogenous substances (e.g. fatty acids and hormones) 
(Kannan et al., 1995). Metamorphic transformation in amphibians is controlled by 
hormones (Hayes, 1997), therefore high levels of MFO enzymes could be present during
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metamorphosis simply because of an increased need for hormone metabolism, and it is 
possible that these same enzymes are also able to metabolize PCBs.
There are many possible CYP families and subfamilies that could be responsible 
for metabolism of both hormones and xenobiotics. For example, the less well-studied 
CYP3A family of enzymes is involved in metabolism of numerous compounds, including 
endogenous hormones, fungal and plant products, as well as pollutants (McArthur et al., 
2003). In mammals, CYP3A enzymes catalyze the 6p-hydroxylation of endogenous 
steroids and are inducible by steroids (Schuetz et al., 1992). In amphibians, CYP3A 
enzymes have been detected which are immunochemically, functionally and genetically 
related to CYP3A proteins from mammalian liver (Schuetz et al., 1992).
As well, there is another subfamily of enzymes known as CYP2C; in the rat, these 
enzymes are often controlled by sex steroids and growth hormones, but are generally not 
induced by xenobiotics (Ronis et al., 1989). Cross-reactivity of rat CYP2C antibodies 
with tissues from other species showed that in lower vertebrates, P450 enzymes 
belonging to the CYP2 family are more structurally similar to CYP2C than CYP2B 
enzymes in the rat (Ronis et al., 1989). This could explain why enzymes from the CYP2 
family are detected in amphibians, but are not readily inducible by xenobiotics such as 
phenobarbital (PB).
In order to determine whether this explanation is plausible, further studies would 
need to be performed to establish whether there are particular enzymes that can 
metabolize both endogenous hormones and meta-para unsubstituted PCBs in amphibians.
A second potential explanation for the high levels of PCB metabolism during 
metamorphosis is that high levels of MFO enzymes may be produced naturally during 
metamorphosis in order to break down accumulated plant toxins. Correlations between 
levels of MFO enzymes and herbivory have been observed in other species. For 
example, in a study of enzyme levels in fish from Bermuda, Stegeman et al. (1997) found 
that levels of CYP2B-like and CYP3A-like proteins were highest in species that were 
primarily herbivorous, which suggests that natural compounds in the diet o f these fish 
were being metabolized by enzymes from one or both of these families. As well, in 
birds, the lowest hepatic MFO activities have been reported for predatory birds (fish- 
eaters and raptors) (Walker and Ronis, 1989), while herbivores and omnivores have
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higher activities. This difference may be a result o f the need for enzymes to detoxify 
natural chemicals in food.
Tadpoles are primarily herbivorous, thus they likely accumulate harmful plant 
compounds from their diet and require MFO enzymes to metabolize and excrete these 
chemicals. Because metamorphosis is a sensitive developmental stage involving many 
physical and biochemical changes (which could be disrupted by high levels of 
phytotoxins), perhaps MFO activity naturally increases during metamorphosis in order to 
break down these compounds. Again, if  the enzymes responsible for the breakdown of 
plant toxins can act on a broad range of substrates, it is possible that the metabolism of 
PCBs could simply be a side effect of this natural enzyme activity. This would explain 
why levels of PCB metabolism would be highest during metamorphosis, intermediate in 
tadpoles, and lowest in adult frogs, which are carnivorous.
A third possibility is that the PCBs themselves were acting as inducers of MFO 
enzyme production and/or activity. It has been shown that even at early life stages, the 
MFO enzymes in amphibians are present, and in some cases, the enzyme activities may 
actually be higher in larvae than in adults. For example, the constitutive (i.e. non­
induced) activity of benzo[a]pyrene (B[a]P) hydroxylase in adult newts was only about 
60% that of the larvae (Marty and Cravedi, 1993). Not only are MFO enzymes present in 
larval stages, but they are also inducible. For example, Ohi et al. (2003) showed that in 
Xenopus laevis embryos, treatment with 3-MC markedly increased transcription of 
mRNA coding for CYP1A proteins, suggesting that the aryl hydrocarbon receptor (AhR) 
is present and functional even during amphibian development.
In the present studies, adult frogs may have experienced lower levels of MFO 
induction than tadpoles since the initial PCB dose was lower in adults than in tadpoles. 
The initial total PCB concentration in green frog tadpoles was 9138 ng/g, whereas the 
initial PCB concentration in green frog adults was only 309 ng/g. For leopard frog 
tadpoles, the initial PCB concentration was 20081 ng/g, whereas for leopard frog adults, 
the initial PCB concentration was 12391 ng/g (see Table 4.1). However, although this 
argument could explain why PCB elimination rates were higher in tadpoles than in adults, 
it does not explain why elimination rates were highest in metamorphs, unless 
metamorphs are more sensitive to induction by PCBs than either tadpoles or adult frogs.
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4.3.8 -  Summary
In this study, it was determined that green frogs and leopard frogs at all life stages 
were able to preferentially metabolize PCBs with a specific structure (i.e. PCBs with 
adjacent unsubstituted meta-para sites). Elimination rates for PCBs with this particular 
structure were highest in metamorphs, intermediate in tadpoles, and lowest in adult frogs. 
Many studies focus solely on tadpoles or adults, however this study has demonstrated that 
metamorphosis is a developmental stage with unique physiology. Therefore, future 
studies of chemical elimination and toxicity in amphibians should be carried out on 
organisms at all developmental stages in order to ensure that the life cycle of the species 
is fully characterized.
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Table 4.1 Sum PCB concentration (ng/g) (mean ± SE) measured in control and 
dosed organisms during each experiment. (* denotes the first sampling date of the 
metamorph stage of the green frog experiment.)
Experim ent Sampling day Control Dosed
0 3.0 ± 1.0 9138.4 ±536.0
3 38.2 ±6.8 11449.1 ± 1978.6
5 102.7 ± 13.0 10361.2 ±913.5
Green frog 11 183.7 ±48.5 9118.5 ± 1434.3
22* 442.2 ± 67.6 6722.2 ± 1353.3
27 516.1 ±219.2 8331.1 ± 1292.1
37 335.7 ±88.2 3126.2 ±844.6
43 357.0 ±68.4 5303.9 ±528.5
0 60.0 ± 17.9 20081.1 ±2308.5
4 54.7 ± 10.1 17187.1 ±3421.4
11 40.0 ±9.3 9822.7 ± 1609.6
25 29.8 ±3.5 1619.1 ±599.0
Leopard frog 39
53
31.7 ± 11.6 
13.2 ±3.5
638.7 ± 117.2 
720.3 ± 190.1
67 15.7 ± 3 .4 459.4 ± 118.3
81 14.5 ±3.1 330.8 ±78.7
95 19.9 ±0.8 564.0 ± 175.8
109 19.3 ±0.8 211.1 ±49.3
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Table 4.2 Elimination rate constants {ki) (±SE) of PCBs and time to 90% steady state




K2 ± SE (d'1) tao (d)
Green Green Leopard Green Green Leopard
tad. metam. metam. tad. metam. metam.
19 4 5.02 0.343 ± 0.077***
_ d - 6.7 - -
18 4 5.24 0.366 ± 0.054*** - - 6.3 - -
17 4 5.25 0.574 ± 0.087*** - - 4.0 - -
24/27 4 5.44 0.451 ± 0.087*** - - 5.1 - -
16/32 4 5.32 0.188 ± 0.055** - - 12.2 - -




0.084*** 19.6 8.8 3.7
25 4 5.67 0.299 + 0.062*** - - 7.7 - -




0.014*** 24.9 10.9 19.0
33/20 4 5.6 0.356 ± 0.054*** - - 6.5 - -
22 4 5.58 0.403 + 0.063*** -
0.568 ± 
0.084*** 5.7 4.1
45 4 5.53 0.310 ± 0.061*** - - 7.4 - -




0.020*** 32.9 6.3 9.0




0.028*** 23.6 7.1 7.4




0.021*** 38.4 9.8 8.2




0.082*** 18.5 5.6 3.1
42 4 5.76 0.291 ± 0.044*** - - 7.9 - -
64/41/71 4 5.92 0.398 ± 0.057*** -
0.735 ± 
0.854*** 5.8 - 3.1
40 4 5.66 0.309 ± 0.057*** - - 7.5 - -




0.005*** 50.9 47.8 57.6




0.007*** 38.5 7.1 35.2




0.007*** 54.6 32.3 34.1




0.005*** 34.3 32.3 42.6




0.022*** 24.2 6.5 9.2
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91 4 6.13 0.200 ± 0.040*** - - 11.5 - -




0.016*** 56.9 7.2 10.6
84 4 6.04 0.372 ± 0.040*** -
0.280 ± 
0.047*** 6.2 - 8.2




0.014*** 72.0 7.4 15.8




0.006*** 91.4 28.5 36.5




0.061*** 23.0 10.0 2.9




0.012*** 41.8 15.4 20.7




0.017*** 39.2 9.4 12.3
110 4 6.48 0.302 ± 0.039*** -
0.354 ± 
0.037*** 7.6 - 6.5




0.004*** 103.7 81.7 74.0




0.005*** 87.9 63.4 44.5




0.047*** 22.2 10.8 7.5




0.017*** 39.8 7.0 10.5




0.026*** 51.2 7.5 7.7




0.020*** 53.7 7.7 8.8
134 4 6.55 0.200 ± 0.035*** -
0.616 ± 
0.099*** 11.5 - 3.7




0.008*** 133.9 82.5 29.0




0.004*** 117.5 83.7 79.1




0.024*** 100.1 8.7 10.0




0.004*** 111.2 149.5 98.4




0.026*** 85.6 12.6 12.7




0.005*** 110.2 63.1 52.8




0.004*** 118.1 71.5 46.2




0.004*** 99.2 63.3 35.4




0.004*** 114.6 137.9 126.5




0.004*** 116.3 95.1 106.6











0.028*** 62.1 8.9 14.2
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0.019 ± 0.218 ± 0.061 ±
0.011 0.055*** 0.005***
0.016 ± 0.026 ± 0.067 ±
0.010 0.012* 0.006***
0.016 ± 0.024 ± 0.044 ±
0.010 0.012 0.005***
0.034 ± 0.257 ± 0.263 ±
0.018 0.043*** 0.046***
0.030 ± 0.264 ± 0.211 ±
0.013* 0.059*** 0.019***
0.024 ± 0.250 ± 0.226 ±
0.014 0.057*** 0.017***
0.017 ± 0.035 ± 0.204 ±
0.011 0.013* 0.017***
0.019 ± 0.021 ± 0.182 ±
0.011 0.012 0.018***
0.015 ± 0.016 ± 0.016 ±
0.010 0.011 0.003***
0.018 ± 0.015 ± 0.016 ±
0.011 0.012 0.003***
0.019 ± 0.163 ± 0.071 ±
0.011 0.042*** 0.005***
0.016 ± 0.047 ± 0.073 ±
0.011 0.014** 0.006***
0.057 ± 0.181 ± 0.159 ±
0.017** 0.029*** 0.014***
0.018 ± 0.022 ± 0.063 ±
0.010 0.011 0.005***
0.017 ± 0.014 ± 0.017 ±
0.010 0.011 0.003***
0.017 ± 0.014 ± 0.016 ±
0.010 0.012 0.003***
0.018 ± 0.009 ± 0.012 ±
0.010 0.011 0.003***
0.031 ± 0.076 ± 0.091 ±
0.011** 0.038 0.009***
0.019 ± 0.011 ± 0.024 ±
0.010 0.011 0.003***
0.025 ± 0.010 ± 0.011 ±
0.010* 0.011 0.006






















65.0 213.2 103.7209 8.18
Note: ***P<0.001 (ANOVA), **P<0.01, *P<0.05, no asterisk indicates that there was 
no significant elimination of this chemical during the experiment. 
a See Table 4.3 for descriptions of metabolic groups for PCBs. 
b Values from Hawker and Connell (1988).
0 Time (days) for organisms to achieve 90% steady state with the water, calculated as 
In 1 0 /^ 2  •
d Dash indicates that an elimination rate constant could not be calculated.
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Table 4.3 Characteristics of four PCB congener metabolic groups (adapted from Kannan 
et al., 1995).
Metabolic group Definingcharacteristics
Cytochrome P450 Example IUPAC
No vicinal
hydrogens (highly Refractory congeners 146, 178, 183,
1 chlorinated, non- (i.e. very slowly 172, 180, 194,
coplanar, low Ah metabolized) 209
receptor affinity)
Metabolized by
9 Only meta-para phenobarbital 52, 95, 101, 151,













Metabolized by both 
PB- and 3-MC-type 18, 26, 22, 45,49, 91,87
coplanar, high Ah enzymes
receptor affinity)
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log K ow
Figure 4.1 PCB elimination rate constants {k2) (±SE) in green frog tadpoles, 
metamorphs, and adults. (Adult data from Chapter 3 of this thesis.) Figure includes only 
those PCBs for which an elimination rate constant could be calculated in all three life 
stages. Log Kow values from Hawker and Connell (1988).
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Figure 4.2 A) PCB with vicinal hydrogens in the ortho-meta sites (biotransformed 
slowly), and B) PCB with vicinal hydrogens in the meta-para sites (biotransformed 
rapidly).
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Figure 4.3 Average elimination rate constant (k2) (±SE) for PCBs in metabolic group 2 
or 3 for green frogs and leopard frogs at various life stages (see Table 4.3 for definitions 
of metabolic groups). (Adult frog data from Chapter 3 of this thesis.) In all cases, group 
2 PCBs were eliminated significantly faster than group 3 PCBs; P values represent the 
level of significance (ANCOVA).
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•  —  Metamorph-Group 2 
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Figure 4.4 Elimination rate constants (k2) (±SE) for those PCBs in metabolic groups 2 
and 3 (see Table 4.3) in green frog tadpoles and metamorphs. Figure includes only those 
PCBs for which an elimination rate constant could be calculated in both life stages. Log 
Kow values from Hawker and Connell (1988).
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Figure 4.5 Elimination rate constants (k2) (±SE) for those PCBs in metabolic groups 2 
and 3 (see Table 4.3) in leopard frog metamorphs. (Elimination rate constants for leopard 
frog tadpoles were not available.) Log Kow values from Hawker and Connell (1988).
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CHAPTER 5 -  GENERAL CONCLUSIONS
In this thesis, chemical elimination studies were conducted in order to quantify 
the toxicokinetics of hydrophobic organic contaminants in amphibians at various life 
stages. Specific hypotheses were tested in each chapter, and the outcomes of each 
experiment in relation to these hypotheses will be addressed in this chapter. This section 
will also include a general discussion of the implications of this work, along with 
suggestions for future research directions.
The purpose of Chapter 2 was to determine whether the chemical activity o f 
hydrophobic organic chemicals would increase during amphibian metamorphosis. The 
specific hypotheses tested in Chapter 2 were as follows:
2.1) The rate of lipid loss from green frogs during metamorphosis will be greater 
than the rate of elimination of certain PCB congeners, meaning that the 
fugacity of these PCBs within the frogs will increase during metamorphosis.
2.2) There will be a positive relationship between PCB hydrophobicity (Kow) and 
the magnitude of the fugacity increase during metamorphosis; i.e. the PCBs 
with the highest Kow values will show the greatest increases in fugacity.
Hypothesis 2.1 was accepted: some of the highly hydrophobic PCBs (log Kow 
values greater than 6.2) showed fugacity increases in green frogs during metamorphosis, 
indicating that the rate of lipid loss was greater than the rate of elimination of these 
congeners from the organisms.
Hypothesis 2.2 was accepted: a positive relationship was observed between 
congener hydrophobicity (Kow) and the magnitude of the fugacity increase (A/) during 
metamorphosis.
The goal of Chapter 3 was to determine elimination rate constants for PCBs 
and/or PAHs in adult green and leopard frogs. The hypotheses tested in Chapter 3 were 
as follows:
3.1) There will be an inverse relationship between PCB elimination rate constant 
and hydrophobicity (Kow) in adult green frogs and leopard frogs.
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3.2) There will be an inverse relationship between PAH elimination rate constant 
and hydrophobicity in adult leopard frogs.
3.3) PAHs in adult frogs will be eliminated more rapidly than PCBs (of similar 
hydrophobicity).
Hypothesis 3.1 was accepted: an inverse relationship between PCB elimination 
rate and hydrophobicity was observed for both adult green frogs and leopard frogs.
Hypothesis 3.2 was accepted: an inverse relationship between PAH elimination 
rate and hydrophobicity was observed for adult leopard frogs.
Hypothesis 3.3 was accepted: PAHs were eliminated approximately three times 
faster than PCBs (with similar Kows), suggesting that amphibians are able to metabolize 
PAHs to a greater extent than PCBs.
The objective of Chapter 4 was to determine whether green and leopard frogs 
were capable of metabolizing certain PCB congeners, and if so, whether metabolic 
abilities changed during different phases of the life cycle. The hypotheses tested in 
Chapter 4 were as follows:
4.1) PCBs with adjacent unsubstituted meta-para sites will be eliminated from 
amphibians faster than PCBs with adjacent unsubstituted ortho-meta sites.
4.2) PCB metabolism will be greatest in tadpoles and will decrease as the 
organisms develop into adult frogs.
Hypothesis 4.1 was accepted: PCBs with adjacent unsubstituted meta-para sites 
were eliminated from amphibians faster than PCBs with adjacent unsubstituted ortho- 
meta sites.
Hypothesis 4.2 was rejected: PCB metabolic ability did not decrease as amphibian 
development progressed. As predicted, tadpoles did have greater metabolic capabilities 
than adults (in green frogs); however metabolic abilities in green frog metamorphs were 
higher than in either tadpoles or adults of this species. For leopard frogs, tadpole data 
were not available; however it was observed that leopard frog metamorphs had greater 
metabolic capabilities than adults of this species.
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These findings have several important implications for natural amphibian 
populations. Worldwide, amphibians are declining more rapidly than either birds or 
mammals (Stuart et al., 2004). It is not known why amphibians are more vulnerable than 
other taxa; however the findings of this research suggest some possible contributing 
factors. Previous studies have shown that when tadpoles undergo metamorphosis, they 
experience an increase in toxic effects of hydrophobic organic chemicals such as PCB 
126 (Rosenshield et al., 1999) and DDT (Cooke et al., 1970). In this thesis, a potential 
mechanism for this phenomenon was established. It was observed that metamorphosis 
can increase the chemical activity (fugacity) of hydrophobic PCBs in green frogs by up to 
a factor o f four. As a result, chemicals which were previously stored in the lipid phase 
will tend to be mobilized into other tissues where they can exert their toxic effects.
These findings provide evidence that the unique life cycle characteristics of 
amphibians make them more susceptible than other taxa to the harmful effects of 
environmental pollutants. In order to ensure that contaminant guidelines will protect the 
amphibians at all life stages in the wild, it is recommended that toxicity tests be 
conducted during metamorphosis since amphibians are predicted to be most vulnerable 
during this period. It is also recommended that toxicity tests be referenced to the dose 
established in tissues rather than in external media (e.g. food or water).
This thesis also demonstrated that amphibians are capable o f metabolizing PAHs 
and some PCBs with specific structural characteristics. The ability to metabolize 
xenobiotics can be beneficial to organisms in some cases, since metabolic 
biotransformation tends to produce compounds that are more water soluble (hence more 
easily excreted). However, for some chemicals, metabolic products can be more toxic 
than the parent compounds. For example, certain hydroxylated PCB metabolites have 
been shown to interfere with thyroid functioning (Cheek et al., 1999); and some PAH 
metabolites have mutagenic or carcinogenic effects (Neff, 1979).
A study of caged amphibian tadpoles showed that genotoxic stress (DNA 
damage) was greater in industrial and agricultural areas than in pristine areas (Ralph and 
Petras, 1997). Genotoxic stress is particularly hazardous to amphibian populations 
because of their metapopulation dynamics. With greater fragmentation o f amphibian
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habitats, frog populations have become increasingly isolated; therefore mutations caused 
by genotoxic stress are more likely to become fixed in a population (Gillan et al., 1998).
There is much opportunity for future study of amphibian toxicokinetics, since 
very little research has been carried out in this field. There are several areas which 
should be explored further in future research. For example, the elimination rate constants 
measured in the present studies were total elimination rate constants, which represent the 
sum of all possible elimination pathways. Future toxicokinetic studies should focus on 
determining the relative importance of various routes of chemical elimination in 
amphibians (e.g. diffusion across skin/gills, fecal elimination, metabolism, etc.) Studies 
of contaminant elimination in amphibians should also be conducted during the breeding 
season, since maternal transfer of chemicals to eggs can be a significant route of 
elimination. For example, in one study it was observed that two thirds o f the 
hydrophobic organic contaminant burden in female frogs was transferred to their eggs 
(Kadokami et al., 2004). In order to build a complete life cycle model of contaminant 
dynamics in amphibians, it will also be necessary to quantify uptake rates (from water 
and from food).
Future studies should also confirm the occurrence of PCB metabolism in 
amphibians by analyzing amphibian tissues for the presence of PCB metabolites. A 
previous investigation did not find evidence of methyl sulfone PCB metabolites in green 
or leopard frogs, however tentative results suggested the presence o f some hydroxylated 
PCB metabolites (R.J. Letcher, National Wildlife Research Centre, Ottawa, ON, Canada, 
personal communication). The frogs in the above study, however, were not dosed with 
PCBs; they were wild-caught frogs containing only background levels of PCBs (total 
PCB concentrations in frogs ranged from 3 to 20 ng/g wet weight). As a result, any 
metabolites would have been present only at extremely low concentrations, which 
resulted in difficulties detecting metabolites (and confirming the identity o f possible 
hyroxylated PCB metabolites). A similar investigation should be repeated using PCB- 
dosed frogs in order to ensure that metabolites (if present) would be easily detected.
The inducibility of metabolic enzymes in amphibians should also be investigated 
further. A study is currently in progress to determine whether PAH elimination rates in
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tadpoles are increased by the addition of PCBs (either an Aroclor mixture or PCB 126 (a 
known MFO inducer)).
A study of PAH elimination in tadpoles was originally attempted as part of this 
thesis; however elimination rate constants could not be calculated due to low or non- 
detectable levels of PAHs in tadpoles on the first sampling date. Tadpoles were orally 
dosed with PAHs by spiking fish food with the PAH mixture (as described for PCBs in 
this thesis). The fish food was analyzed and was found to contain high levels of most 
PAHs. It is not clear whether oral dosing is an inappropriate method for PAHs (i.e.
PAHs were not absorbed) or whether tadpoles simply metabolized the PAHs so rapidly 
that they were not detectable even on the first sampling date. The answer to this question 
should become clear from the results of the metabolic induction study which is currently 
in progress, since the tadpoles were dosed with PAHs by injection in this case. However, 
future researchers should be aware of this point to ensure that this experiment is not 
repeated.
In summary, the main contributions of this thesis were threefold. First, it was 
observed that metamorphosis can cause an increase in the chemical activity (fugacity) of 
highly hydrophobic contaminants within amphibian tissues, potentially increasing the 
hazard posed by these chemicals to developing organisms. Secondly, elimination rate 
constants for PCBs and PAHs were determined for adult frogs. Because PAHs were 
eliminated more rapidly than PCBs of similar hydrophobicity, it was concluded that 
amphibians have a greater ability to metabolize PAHs than PCBs. Finally, it was 
observed that in amphibians at all three life stages (tadpole, metamorph, and adult), meta­
para unsubstituted PCBs were eliminated more rapidly than ortho-meta unsubstituted 
PCBs. This result indicates that amphibians can metabolize PCBs with particular 
structural characteristics. Metabolic ability was greatest in metamorphs, intermediate in 
tadpoles, and lowest in adult frogs.
Very few toxicokinetic studies have been conducted on amphibian species, 
despite the fact that amphibians have been declining rapidly over the last several decades 
and the role of environmental contamination remains unclear. Determining the causes of 
the declines is a complex issue, however, it is generally agreed that more research is 
required to understand how amphibians are affected by toxic chemicals in the
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environment. Quantifying contaminant dynamics in amphibians is essential in order to 
gain a better understanding of how chemical pollution affects amphibian populations, 
both on a local scale as well as globally.
98
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.1 -  References
Cheek, A.O., Kow, K., Chen, J., and McLachlan, J.A. 1999. Potential mechanisms of 
thyroid disruption in humans: Interaction of organochlorine compounds with thyroid 
receptor, transthyretin, and thyroid-binding globulin. Environ. Health Perspect. 
107:273-278.
Cooke, A.S. 1970. The effect of/?/P-DDT on tadpoles of the common frog (Rana 
temporaria). Environ. Pollut. 1:57-71.
Gillan, K.A., Hasspieler, B.M., Russell, R.W., Adeli, K., and Haffner, G.D. 1998. 
Ecotoxicological studies in amphibian populations of southern Ontario. J. Great Lakes 
Res. 24:45-54.
Kadokami, K., Takeishi, M., Kuramoto, M., and Ono, Y. 2004. Maternal transfer of 
organochlorine pesticides, polychlorinated dibenzo-p-dioxins, dibenzofurans, and 
coplanar polychlorinated biphenyls in frogs to their eggs. Chemosphere 57:383-389.
Neff, J.M. 1979. Poly cyclic Aromatic Hydrocarbons in the Aquatic Environment: 
Sources, Fates and Biological Effects. Applied Science Publishers, London, UK, 262 pp.
Ralph, S. and Petras, M. 1997. Genotoxicity monitoring of small bodies of water using 
two species of tadpoles and the alkaline single cell gel (comet) assay. Environ. Mol. 
Mutagen. 29:418-430.
Rosenshield, M.L., Jofre, M.B., and Karasov, W.H. 1999. Effects of polychlorinated 
biphenyl 126 on green frog (Rana clamitans) and leopard frog (Rana pipiens) hatching 
success, development, and metamorphosis. Environ. Toxicol. Chem. 18:2478-2486.
Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodrigues, A.S.L., Fischman, D.L., 
and Waller, R.W. 2004. Status and trends of amphibian declines and extinctions 
worldwide. Science 306:1783-1786.
99
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VITA AUCTORIS
NAME:
PLACE OF BIRTH: 





London Central Secondary School, London, Ontario 
1991-1996
University of Western Ontario, London, Ontario 
1996-2000 B.Sc. (Hons.)
Capilano College, North Vancouver, British Columbia 
2001-2002 Post-Grad. Dipl.
University of Windsor, Windsor, Ontario 
2003-2005 M.Sc.
100
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
